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The transmembrane photosynthetic protein complex Photosystem I (PSI) possesses 
remarkable photoactive electrochemical properties which make it highly sought after for 
incorporation into biohybrid photovoltaic devices. In the pursuit of all such endeavors, three main 
factors must always be kept in view: understanding the direct redox transfer steps, three-
dimensional coordination and stabilization of PSI aggregates, and interfacial connectivity with 
conductive pathways. This thesis presents steps taken to further these three concepts, contributing 
to the research community what may help utilize the great potential of PSI.  
First is presented detailed electrochemical investigations into the role of dissolved O2 as a 
catalyst for methyl viologen (MV) to scavenge photoactivated electrons from PSI monolayers. 
These measurements, apart from demonstrating the ability of dissolved O2 in the electrolyte 
medium to act as a direct electron scavenger, also reveal that the dissolved O2 forms a complex 
intermediate species with MV which plays the essential role in mediating redox pathways for 
unidirectional electron transfer processes. 
Second, a novel 3D architecture is described to organize and stabilize PSI in the myriad of 
harsh conditions in which it needs to function. PSI is encapsulated in a highly stable nanoporous 
metal–organic framework, ZIF-8, denoted here as PSI@ZIF-8. The ZIF-8 framework provides a 
unique scaffold with a robust confining environment for PSI while protecting its precisely 
coordinated chlorophyll networks from denaturing agents. Pump–probe spectroscopy confirms the 
photoactivity of the PSI@ZIF-8 composites even after exposure to denaturing agents and organic 
solvents. This work provides greater fundamental understanding of confinement effects on 
pigment networks, while significantly broadening the potential working environments for PSI-
integrated bio-hybrid materials. 
 Finally, inspired by our successful encapsulation of PSI@ZIF-8, cations from this 
precursor are used to form charge transfer complexes with the extremely strong organic electron 
acceptor TCNQ. This PSI-Zn-H2mim-TCNQ charge transfer salt complex was dropcast on ITO as 
dense films. Through voltammetric cycling and the exchange of Zn2+ and H2mim
+ cations, 
electrochemical annealing of the film increases electrical connectivity and electron conductivity 
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1.1 Photosynthesis overview  
Photosynthesis is the process by which plants, algae, and certain bacteria convert sunlight 
into usable chemical energy. This stored energy takes the form of carbohydrates, which are then 
further used to power the formation of every biological molecule, protein, and structure, as well as 
fuel the motion of every living thing. While certain bacteria employ anaerobic photosynthesis with 
an alternate electron source, such as H2S,
1 the vast majority of photosynthetic activity is aerobic 
in nature, releasing the oxygen necessary for all other respiratory animals and organisms to 




𝐶𝑂2 +𝐻2𝑂 ⟶ 𝐶𝐻2𝑂 + 𝑂2 
 
In order for this net reaction to take place, energy must be invested to first split both reactants for 
the subsequent combination.3 
 
2𝐻2𝑂 ⟶ 4𝐻
+ + 4𝑒− + 𝑂2 
 
𝐶𝑂2 + 4𝐻
+ + 4𝑒− ⟶ 𝐶𝐻2𝑂 + 𝑂2 
 
The water splitting is performed by Photosystem II as a direct photochemical reaction. That is, 
light must be continuously absorbed to provide energy at the time of reaction. In contrast, carbon 
dioxide reduction is part of the light-independent Calvin cycle (dark reactions) that may occur at 
any time within the photosynthetic organism because it is directly catalyzed by precursor 
molecules (namely, ATP and NADPH). Specifically, NADPH is formed when the other light-
activated photosynthetic protein complex, Photosystem I (PSI) absorbs sunlight and pumps 
electrons for the reduction of NADP+ to NADPH. It is this light-harvesting complex, PSI, on which 
this present thesis is focused in an effort to explore its fundamental electron shuttling properties as 
well as its incorporation into suitable organic/inorganic frameworks that can enable efficient 




1.2 Structure and function of Photosystem I 
Within photosynthetic organisms, both Photosystem I (PSI) and Photosystem II (PSII) are 
housed within the thylakoid membrane.4-5 They work in tandem to power the cascading reactions 
of photosynthesis. In cyanobacteria (sometimes referred to as blue-green algae), the thylakoid 
membranes coordinate and orient these photosystems to establish transmembrane potentials that 
drive redox reactions and transport. PSI found in the cyanobacteria Thermosynechococcus 
Elongatus weighs 1068 kDa and occurs in the trimeric form6-7 pictured in Figure 1.1.  
Each of the three monomers is a supramolecular complex structure organized with 12 
protein chain subunits, which coordinate 96 chlorophylls, 22 carotenoids, 2 phylloquinones, and 
3 Fe4S4 clusters.
6 Chlorophyll is the primary light absorbing molecule, which gives rise to the 
characteristic green color of leaves due to strong absorption in the blue (440 nm) and red (680 
nm) regions. This broad visible light absorption (Figure 1.2) allows PSI to be photoactive over 
53% of the solar spectrum.  
The aforementioned chlorophyll network uses an incoherent energy transfer mechanism 
to funnel energy from all absorbed light to a special pair of chlorophylls (called P 700), which 
initiate a charge separation process pictured in Figure 1.3. Upon excitation by light, this dimer 
goes from ground state (Em = +430 mV vs standard hydrogen electrode, SHE) to an excited 
state, P700
* (Em = -1400 mV). The first electron transfer step is to the chlorophyll molecule A0 
(Em = -1000 mV), then to the phylloquinone A1 (Em = -800 mV), and finally to the three iron-
sulfur clusters FX, FA, and FB (Em = -705, -580, and -530 mV respectively). Once the electron 
has reached the terminal FB
-, the soluble electron scavenger ferredoxin docks at the stromal side 
of PSI to accept this electron and oxidize FB
- back to FB. To complete this circuit and allow 
continuous electron transport, a soluble electron donor such as plastocyanin docks at the luminal 
side to reduce P700








Figure 1.1 A top-down (left) and side (right) view of the trimeric Photosystem I complex found in 





Figure 1.2 Absorption spectrum of the chlorophyll network coordinated in Photosystem I, with 




Several observations about this photoactivated energy transfer process have made PSI an 
ideal candidate both for fundamental investigations and practical applications in the fabrication of 
biohybrid devices. As mentioned previously, PSI is light-activated throughout the entirety of the 
visible spectrum. The conversion of photons absorbed anywhere in the chlorophyll network to the 
critical charge separation event happens at nearly ~100% quantum efficiency7 and extremely 
quickly. In fact the first electron transfer occurs on the femtosecond (10-15) time scale, proceeded 
by subsequent transfers in picoseconds (10-12), thereby allowing the electron to reach the terminal 
iron-sulfur clusters finally in nanoseconds (10-9).11 The terminating Fe-S clusters play an important 
role in the electron transport chain in stabilizing this charge separation and preventing the electron 








Figure 1.3 On the left, side view one PSI monomer with protein backbone in blue and chlorophyll 
network in green. On the right, schematic of the embedded electron transfer pathway from the 





1.3 Photosystem I in biohybrid devices 
The robust structural and photoactive electrochemical properties of PSI have drawn 
extensive interest in incorporating this transmembrane protein complex into a myriad of biohybrid 
photovoltaic, photocatalytic, or bioelectronic devices.13-27 While the history of these PSI endeavors 
is deep and wide, we will be taking a guided look at three of the fundamental concepts that govern 
such research and are relevant to the scope of the current thesis. These efforts include studies on 
the direct redox transfer steps, long range coordination and stabilization of PSI aggregates, and 
interfacial connectivity with conductive pathways.  
The first critical step towards producing sustainable photocurrent requires systematic 
assembly of PSI complexes on specific substrates to enable rapid electron transfer from the 
lumenal to the stromal side of PSI. A single monolayer of PSI is attached to a conductive substrate 
and used in a wet cell, where the electrode surface contacts one side of the PSI and a soluble 
electron donor or scavenger contacts the opposite side. A common attachment method has been 
PSI monolayers attached to gold electrodes28-32 through self-assembled monolayer 
functionalization. To this end, a variety of surfaces have been used in the past, including doped 
GaAs,17  carbon nanotubes,15, 33-34 metal oxide nanowires,35 or plasmonic nanostructures.36-38 The 
protein may stay attached through hydrogen-bonding to various terminal groups (OH, COOH, 
NH3) via physisorption, or be covalently bound to site specific chemistry through genetic 
mutations.15, 33, 39 While each of these surfaces provides unique conductive or semi-conductive 
behavior, the critical bottle-neck in regards to the interfacial electron transfer via soluble mediator 
uptake remains the same, namely the discrete charge transport steps from surface to protein and 
protein to solution. Therefore, for studying this interaction, a simple construct is often chosen. 
Systematic and rapid surface assembly of photosynthetic protein complexes, including PSI,40-44 on 
alkanethiolate SAM/Au substrates have proven to be a simple and highly reproducible method for 
creating uniform and dense monolayer of these proteins without denaturing them.28, 41, 45 
For current to flow through PSI immobilized on electrode surfaces, a soluble mediator must 
diffuse to, dock on, and exchange electrons with PSI, then diffuse away to be replaced. It is 
believed that the steric hindrance of that docking and the potential difference of the redox step are 
the limiting factors that will determine the kinetics of transfer. In the past, numerous studies have 
constructed PSI substrates in conjunction with electron scavengers such as methyl viologen (MV) 
in an electrolyte medium to complete the wet cell circuit.42, 46-48 MV has been the most widely 
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used, in part because of its stability, prolific usage through literature (and thus suitable for 
comparing other construct factors), well-posed redox potentials, and its supposedly well-
understood interaction in PSI electron chain disruption.49 
A large array of both acceptors and donors have continued to be tested in new 
concentrations and combinations32, 47-48, 50 in order to understand and optimize this facet of 
biohybrid devices. Specifically, one study even investigated 14 different soluble electron donors 
or scavengers and found that the choice of mediator affected the photocurrent by multiple orders 
of magnitude.47 Unfortunately, no definitive pattern emerged by which to predict the suitability of 
a mediator. While there is a slight trend in behavior over the midpoint potential of the mediator, it 
has not been the case that the mediator most closely matched to the FB
- (Em = -530 mV) or P700
+ 
(Em = +490 mV) produced the highest current, nor did the greatest potential difference between 
PSI and a given sacrificial mediator. Steps towards optimizing the redox transfer both to and from 
PSI have been taken by several groups, including via integration with naturally tuned biological 
catalysts such as cytochrome c6.
51 Additionally, the rational design and synthesis of specifically 
tuned redox mediator systems has shown great promise.52 
 While on one hand this understanding of fundamental electrochemical interactions must 
be furthered, large-scale implementation of PSI-based devices also requires large amounts of PSI 
to be coordinated on the electrode surface. Because of the weak optical absorption of a single PSI 
monolayer (only 0.34% of incident light at 680 nm)53 many layers must be deposited to absorb 
significant light. The simplest of multi-layered PSI constructs consists of merely depositing large 
amounts of protein in a thick film, which is held together by hydrophobic interactions as the film 
dries.54 This technique has been successfully combined with a variety of highly active surfaces 
including p-doped silicon,55 and graphene.23, 56-57 While the photocurrents of such devices have 
orders of magnitude improvement over monolayers, the currents still fall far short of PSI’s large 
untapped potential and, hence, the need to understand the electron flow within the PSI multilayers 
becomes apparent.17  
Rather than rely on the slow diffusion kinetics throughout the multilayer films, groups have 
increasingly been exploring structures that can provide stability as well as facilitate efficient charge 
transport. Among these have been mesoporous electrodes,20 hydrogels,50 conductive polymers,58-
60 or even combinations of DNA binders.61 Two primary factors are at play here to explain the 
further enhancement of photocurrents in these case studies. First is to note that the extraordinary 
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charge separation properties of PSI are due to its uniquely coordinated chlorophyll network, and 
therefore any disruptions to its structure affect the coherent and incoherent energy transfer.62 It has 
been shown that such stabilizing effects on the structure of PSI are greatly beneficial to its 
function,63 as also confirmed by our group’s previous work incorporating PSI into lipid bilayers64-
65 that mimic the native PSI thylakoid membrane. Secondly, conductive additives allow greater 
electron flow by creating pathways for long range electron transport that stymies recombination 
within the PSI network. As research groups attempt to precariously balance between bulk 
conductivity and sufficient PSI interfacing, there has even been photocurrent produced in entirely 
dry cells devoid of shuttling mediators.66 
 
1.4 Looking toward new materials 
Towards this end of increased stabilization, this thesis here presents the concept of 
incorporating PSI into a unique metal organic framework (MOF). MOFs are rapidly emerging as 
a new class of materials that comprise highly organized crystalline structures made from inorganic 
(metal) nodes connected by organic linkers. Such networked structures are tunable with near 
infinite possible combinations of nodes and linkers. Furthermore, MOF structures are highly 
permeable with pore sizes ranging from 0.3 to 10 nm67 and large free volumes (over 90%)68 and 
surface areas (over 10,000 m2/gm).69 Currently, there exist over 20,000 MOFs that have been 
characterized,70 and the field is rapidly growing. Thus far, MOFs have been systematically 
implemented for gas storage,71 fluid separations,72 sensing,73 catalysis,74 luminescence,75 and 
photovoltaics.76 Specifically, Zeolitic Imidazolate Framework (ZIF-8) is a MOF structure 
comprised of zinc (metal node) and 2-methylimidazole (organic linker) that offers 11.4 Å cavities 
gated by 3.4 Å apertures.77 With an optical band gap of 5.5 eV (λ = 225 nm)78 this semiconductor 
framework is transparent in the visible region (380 nm to 740 nm)79 which is a key optical property 
needed for suitable PSI encapsulation to ensure its photochemical functionality. Critically, ZIF-8 
is set apart from the vast majority of other MOFs in that can be synthesized in water at room 
temperature and pH < 11,80 whereas most MOF synthesis requires organic solvents, high pressure 
and temperature, or extreme acidic conditions. ZIF-8 is highly stable in a wide range of solvent 
conditions (aqueous, organic solvents, or high alkalinity),77 and in temperatures over 200˚ C.80 
Past studies have demonstrated that ZIF-8 has the capacity to lend these harsh environment 
resistant properties to small proteins embedded inside them, thereby protecting them from 
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denaturation under extreme conditions.81-83 Specifically, encapsulated enzymes have been shown 
to retain and, in a small number of cases, even enhance their activities.84-87 This enhancement is 
not yet fully understood, but has been attributed to the physical confinement of an active 
conformation and/or interactions between the active site and the metal nodes of the framework. 
Fundamental understanding on the effects of such MOF encapsulation on the functional behaviors 
of large membrane proteins is still an open question. Hence, we report ZIF-8 crystal structures 
grown via heterogeneous nucleation on PSI acting as the seeding agent, which allows us to 
encapsulate the photocatalytic protein within the zeolitic structure to create encaged PSI@ZIF-8 
composites. 
Towards the end of increased PSI interfacing with a redox-active conductive polymer, we 
propose a new approach which may increase the options for all three of the aforementioned fronts 
for photocurrent enhancements from PSI constructs, namely through the formation of a TCNQ-
based charge transfer salt. TCNQ, or 7,7,8,8-tetracyanoquinodimethane, is well known as an 
extremely strong organic electron acceptor, with an electron affinity of 2.88 eV,88 and its anion 
TCNQ- is known to rapidly form stable charge transfer salts with almost any cation, whether 
metallic89 or organic90-91 in nature. In addition, it has two favorable redox peaks (-185 and +445 
mV vs NHE)92 for interacting with both the stromal (-530 mV) and lumenal (+490 mV) sides of 
PSI. The coordination of TCNQ with transition metal cations or organic ligands can form a large 
number of various morphologies, including coordination polymers,91 metal-organic frameworks,93 
and crystalline salts.94 These complexes are almost all insoluble in both polar and nonpolar 
solvents,95 thereby lending them the much-desired stability in a variety of environments and 
applications. Towards this end, they have found applications in the catalysis of electron transfer 
reactions,96 as well as electrical, optical, and molecular switching, field emission devices. 
Specifically, certain organic complexes have high enough electronic conductivities to be 
considered fully organic metals, such as the well-known TTF-TCNQ salt.97  
Herein, inspired by our successful encapsulation of PSI in ZIF-8 (PSI@ZIF-8)98 we report 
the use of PSI@ZIF-8 composites as starting scaffolding materials to drive the constituent cations 
(namely, Zn2+ or the imidazole ion, H2mim
+) from ZIF-8 towards subsequent formation of charge 
transfer complexes with TCNQ. While it has recently been demonstrated that a copper-based MOF 
can undergo ligand substitution to form CuTCNQ,99 our work enables a transformation in an 
aqueous environment amenable to a host of biological materials rather than organic solvent. We 
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demonstrate that the bound PSI remains embedded in the newly coordinated and conductive 
polymer network, which, in turn, allow significant augmentation in the photocurrent generation. 
We also show that the aforementioned cations can be reversibly exchanged in aqueous solution 
via electrochemical treatments to change both the composition and morphology of the TCNQ-
based complex, which offers a myriad of future opportunities for successful integration of this 





CHAPTER 2  
ELUCIDATING THE ROLE OF METHYL VIOLOGEN AS A SCAVENGER 
OF PHOTOACTIVATED ELECTRONS FROM PHOTOSYSTEM I UNDER 
AEROBIC AND ANAEROBIC CONDITIONS  
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This chapter is based on the submitted paper: 
“Elucidating the role of methyl viologen as a scavenger of photoactivated electrons from photosystem 
I under aerobic and anaerobic conditions” by Tyler Bennett, Hanieh Niroomand, Ravi Pamu, Ilia 
Ivanov, Dibyendu Mukherjee, and Bamin Khomami. 
 
2.1 Introduction 
 During photosynthesis plants and algae use Photosystem I (PSI), a supra-molecular protein 
complex,7 to harness solar energy with 100% quantum efficiency. Previous structural and 
functional studies of trimeric PSI,7, 100 apart from characterizing its shape and dimensions (Figure 
2.1), have revealed a photo-activated (λ = 680 nm) electron transfer chain. This electron transfer 
mechanism is mediated by a series of redox reactions initiated at the lumenal (mid-point potential, 
Em (P700/ P700+) ≈ +0.49 V) and terminated at the stromal side (mid-point potential, Em (FA; FB; 
FX) ≈ -0.53 V), of the c complex, where the Fe-S clusters are housed. The highly efficient photo 
electrochemical activity of PSI has resulted in extensive studies13-14 towards incorporation of PSI 
into highly efficient hybrid photochemical and electronic devices.15-17 However, the first critical 
step towards achieving this goal requires a highly dense and uniform assembly of directionally 
aligned monolayer of PSI complexes on specific electron donor substrates to enable rapid electron 
transfer from the lumenal to the stromal side of PSI (Figure 2.1). To this end, in recent years, 
significant effort has been directed towards directional attachment of single PSI trimers,39 
molecular wiring for electron relay,30 multi-layered PSI assemblies17, 101 using genetically 
incorporated cysteine tags in PSI mutants along with site specific chemistry to covalently bond 
with Au,39 maleimide functionalized carbon nano-tubes (CNT)15, 33 or doped GaAs surfaces.17 
While these approaches are highly effective in directionally immobilizing PSI on various electron 
donor surfaces, intricate techniques for the synthesis of PSI mutants are required in order to avoid 
altering the structural and/or functional integrity of the protein. Furthermore, such methods also 
call for the fabrication of highly specialized and complex nanostructured surfaces. In contrast, in 
the last several years, systematic and rapid surface assembly of photosynthetic protein complexes 
(including PSI)40-44 on alkanethiolate self-assembled monolayer (SAM)/Au substrates have proven 
to be a simple and highly reproducible method for creating uniform and dense monolayer of these 
proteins without denaturing them. Specifically, previous studies have demonstrated that OH-




Figure 2.1 Schematics of the structure and dimensions of PSI along with the detailed photo-
activated (λ = 680 nm) electron transfer pathway initiated at the lumenal side (P700/P700+) and 
terminated at FA, FB, FX (Fe-S clusters) on the stromal side.
7, 100 Relationships between electronic 
activity and different PSI orientations on SAM/Au substrates for: a) stromal side (FA/FB/FX with 
Fe-S clusters) facing electrode under dark or, light conditions, b) lumenal side (P700 reaction 
center) facing electrode under dark conditions and c) lumenal side facing electrode under light 




side facing upwards due to weak hydrogen bonding of the lumenal side of PSI with the terminal 
OH group.32, 102 Moreover, our recent comprehensive experimental studies of PSI immobilization 
on electron donor surfaces have revealed that by systematic manipulation of the solution 
chemistry, i.e., proper tuning of surfactant-protein interaction and deposition conditions, gravity 
driven or electric field assisted deposition techniques can be used to produce highly dense and 
uniform monolayer of PSI on a SAM/Au substrate.28, 41, 45 
 In an effort to understand the photo-activated properties of surface immobilized PSI, recent 
years have seen a host of electrochemical and photo-electrochemical studies. Many of these studies 
use dense mono- and multi-layers of PSI directly assembled on Au electrodes46, 54, 60 or, PSI 
substrates in conjunction with electron scavengers such as methyl viologen (MV) in an electrolyte 
medium to complete a wet cell circuit.42, 46-48 While new redox mediators, both acceptors and 
donors, are constantly being tested in new concentrations and combinations32, 47-48, 50, MV has been 
the most widely used, in part because of its long history of being studied for toxicity effects and 
electron chain disruption49. Specifically, many photoelectrochemical measurements on surface 
assembled PSI systems have revealed the commonly accepted role of MV2+ as the external solution 
phase electron mediator and dissolved O2 as the oxidizer to regenerate MV
2+ from the reduced 
MV+. Moreover, recent studies have shown enhanced photocurrents from directionally aligned PSI 
crystals on substrates as well as, PSI directionally immobilized on SAM/Au surfaces via 
cytochrome cyt6 mediation.
103 Although such efforts provide valuable data for photo-
electrochemical measurements on surface immobilized PSI, they do not provide a clear 
mechanistic picture for the electron transfer process. Precise morphological characterization of PSI 
complexes on the electron donor surface is required to determine the contribution of PSI to the 
electron transfer process. Moreover, the lack of fundamental understanding of the role of external 
redox mediators in dictating the directional photo-activated electron transfer from PSI trimers 
prevents any quantitative analysis of the bottlenecks for electron transfer. Thus, the understanding 
of whether the photocurrent generation is rate limited by mass transfer, redox kinetics, or chemical 
reaction rates is still an open question. To this end, the critical question that remains unanswered 
in the current state of the aforementioned research is, “How does the regeneration and migration 
of an external chemical as the electron scavenger effect photocurrent generation from PSI 
immobilized on SAM/Au surfaces?”  
In this chapter detailed electrochemical measurements are used to investigate the role of 
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dissolved O2 in the electrolyte solution as an electron scavenger as well as its role in activating 
methyl viologen as a redox mediator during photocurrent generation from a uniform monolayer of 
Photosystem I (PSI) complexes assembled on alkanethiolate SAM (self-assembled monolayer)/Au 
surfaces. Specifically, results of direct measurements of light induced photocurrent from uniform 
monolayer assemblies of PSI on C9 alkanethiolate SAM/Au surfaces (refer to experimental 
section) are reported. These measurements confirm the ability of dissolved O2 in the electrolyte to 
function as a weak electron scavenger for PSI.  More importantly, they demonstrate the formation 
of an intermediate methyl viologen-oxygen complex that directly scavenges the photo-excited 
electrons from the terminal Fe-S cluster (FB) of PSI. 
 
2.2 Experimental Section 
2.2.1 Growth and isolation of PSI 
The thermophilic cyanobacterium T. Elongatus BP-1 was grown in 2L airlift fermenters 
(Bethesda Research Labs, Bethesda MD) in NTA media.104 The details of the extraction and 
purification of the trimeric PSI complexes  grown from T. Elongatus cells are provided 
elsewhere.41 Based on spectrophotometer measured chlorophyll concentrations, the concentrations 
of the extracted PSI trimers was estimated to be around CB = 1.42 x 10
-5 mol/L. PSI trimers were 
stored in aliquots of 1.5 ml at -80°C for future use. 
 
2.2.2 Preparation and analysis of electrode monolayers  
Commercial gold electrodes with 1.6 mm diameter, 2.011 mm2 working area (BAS Inc.; 
Model: MF-2014) were cleaned in a three-step process. First, they were treated with base piranha 
solution (RCA wash with 1:1:5 volume ratios of NH4OH:H2O2:H2O) at a temperature of 75
oC for 
15 min to remove organic residues. They were then polished with 0.05micron alumina polish for 
3 minutes. Finally, the electrodes were electrochemically cleaned by running cyclic voltammetry 
from -400 to +1400 mV vs Ag/AgCl at 200 mV/sec for 25 cycles in 0.1 M H2SO4 solution followed 
by ultra-sonication in isopropanol (99.99% v/v) then de-ionized water for 10 min, and drying in 
N2 stream. Commercial glassy carbon (GC) electrodes were used with 3.0 mm diameter, 7.069 
mm2 working area (BAS Inc.; Model: MF-2012) were cleaned only with polishing, sonication, and 
drying in N2 stream. 
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The OH-terminated SAM were formed by immersing the clean Au electrodes in 1 mM 11-
mercapto-1-undecanol and 9-mercapto-1-nonanol (97% and 96% purity respectively; purchased 
from Sigma-Aldrich) in ethanol for 7 days105 at room temperature in a glove box filled with dry 
N2. The SAM/Au electrodes were rinsed in ethanol, sonicated in isopropanol, and dried in dry N2 
stream. Surface immobilization of PSI was carried out by incubating the SAM/Au electrodes for 
~ 24 hours in colloidal suspension of PSI in 200 mM Na-phosphate aqueous buffer (pH = 7.0). 
Based on our earlier solution chemistry work to tune inter-protein distances that result in a 
“jammed“ suspensions,45 a high PSI concentration of ~ 1.4 x 10-3 mM stabilized with 0.02% w/v 
(i.e., 2.2 times the critical micellar concentration) of the detergent n-dodecyl-β-D-maltoside (DM; 
purchased from Gold Biotechnology) was specifically chosen to produce uniform, monolayer 
assemblies of PSI. Since the gold electrodes could not be mounted on the atomic force microscopy 
(AFM) measuring platforms, AFM topographical characterizations for PSI on SAM/Au substrates 
were carried out on samples prepared using an identical solution phase treatments outlined above 
on Au coated silicon wafers (Au thickness ~ 100 nm) with a titanium adhesion layer purchased 
from Platypus Technologies. Multi-layer assemblies of PSI on cleaned glassy carbon (GC) 
electrodes were achieved by drop casting 2.5 µL of stock PSI solution, placed under 30 in. Hg 
vacuum for 15 minutes, and rinsed in de-ionized water. 
All surface topography images were collected on a Digital Instruments (Veeco) make 
atomic force microscopy (AFM) instrument (Model: NanoScope IIIa) in tapping mode using a 
silicon cantilever compatible with softer biological materials (Make: Olympus; Model: 
AC240TS). The tip had a force constant of 2 N/m2 along with a resonant frequency of 70 kHz, and 
the images were recorded at a scan rate of 0.863 Hz. Surface layer thicknesses were measured 
using a DRE-Dr. Riss Ellipsometerbau Gmbh make ellipsometer (Model: EL X-02C) operating 
with a laser wavelength of 632.8 nm at an incidence and polarizer angle of 70°. All PSI/SAM/Au 
systems were analyzed using a three-layer (Au-thiol-PSI) model, where C9 and C11 thiol 
monolayer thicknesses were assumed to be ~ 0.77 and 0.95 nm respectively (based on C-C bond 
lengths and the brush tilt angle of 30o to the surface normal). As reported in our earlier work41 and 
for ease of data analysis,  the refractive indices for surface-assembled PSI and thiols were assumed 





2.2.3 Electrochemical investigations and photocurrent measurements 
Electrochemical measurements were conducted with a Bio-Logic potentiostat (Model: SP-
200) operated by the EC-Lab software. A glass electrochemical cell with three-electrode 
configuration was used that carried a Pt wire counter electrode, Ag/AgCl (sat. KCl) reference 
electrode (Make: BAS Inc.; Model: MF-2052 with a reference shift  +0.197 V vs. NHE) and the 
Au working electrode with the specific surface treatments (SAM/Au and PSI/SAM/Au electrodes 
for the controls and specifics respectively). The potential window for all experimental scans were 
chosen between -0.9 to +0.6 V (i.e., -0.7 to +0.8 V vs. NHE) to avoid interference from complex 
Au oxide peaks above +0.8 V vs. NHE. Except where specified, all electrochemical measurements 
were carried out in a standard electrolyte of 200 mM Na-phosphate aqueous buffer (pH = 7.0) to 
prevent any protein denaturation. Cyclic voltammetry (CV) data were collected with a scan rate of 
200 mV/sec, except where stated at 20 mV/sec and 1000 mV/sec. Chronoamperometry (CA) data 
were collected at a bias of +0 V vs reference and idled for 20 minutes before exposing 
PSI/SAM/Au electrodes to light in 2 – 5 minute pulses. This potential was chosen to facilitate the 
photoresponse solely from PSI. It should be mentioned that as bias potentials are shifted further 
positive or negative, SAM/Au surfaces demonstrated increased photoactivated redox interaction, 
potentially from stripping of the thiol brushes. This bias is close to open circuit voltage (OCV) for 
all tested PSI/SAM/Au constructs, with minor background current shifts. We note here that the 
OCV shifts with varying solution content and concentrations, as well as surface modifications. A 
constant bias voltage was chosen over OCV to control the energy gap at the electrode surface, 
which greatly affects the electron kinetics of transfer to and from PSI or methyl viologen (MV). 
Stepped chronoamperometry data were collected at a series of bias potentials, stepping from -200 
to +350 mV vs reference, and exposed to light in 2 - 5 minute pulses. For all control experiments 
requiring the purging of the dissolved O2 from the buffer electrolyte, nitrogen (N2) gas was bubbled 
through the solution for 15 minutes followed by a continuous sheath of N2 gas being maintained 
above the solution throughout the experiment. For the oxygen imbued runs, O2 was bubbled 
through the solution for 30 minutes, followed by a continuous sheath of O2 gas flow above. The 
O2 levels were measured with an ExStik II Dissolved Oxygen Meter (Model: DO600). 1 mM of 
methyl violgen (MV) was added as the electron scavenger. All data were measured in dark, room 
temperature conditions except for the light experiments where the measurements were taken while 
the working electrodes was under illumination from an LED whitelight source (ThorLabs; model: 
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MWWHL3) with a nominal intensity of 1000 W/m2 before being passed through a red filter (λ = 
635 - 650 nm). 
 
2.3 Results and Discussion 
2.3.1 Characterization of PSI deposition on SAM/Au substrates 
 The uniform, monolayer depositions of PSI on SAM/Au substrates as obtained via self-
assembly from solution-phase are seen from the AFM topographical images in Figures 2.2a – 2.2f. 
These uniform surface assemblies are achieved through the use of specific PSI/detergent 
concentration ratios to maintain the individual PSI complexes in colloidal suspension45 (details 
provided in experimental section). The AFM images depicted in Figures 2.2a and 2.2b show the 
controls prepared with alkanethiolate SAM/Au surfaces are devoid of PSI. In accord with earlier 
studies,105 the images reveal uniform and dense brush layer formation on C11-alkanthiolate (C11-
thiol) surface (Figure 2.2a) as compared to the relatively sparse assembly on C9-alkanethiolate 
(C9-thiol) surface (Figure 2.2b). Furthermore, AFM images for PSI attachment to SAM/Au 
surfaces with both C11-thiols and C9-thiols (Figures 2.2c and 2.2d) indicate a relatively uniform 
monolayer formation as indicated by the cross-section profile shown in each of the cases (Figures 
2.2e and 2.2f). Typical average protein diameters of d = 32.3 ± 4.5 nm (corresponding to arrows 
marked on Figures 2.2c and 2.2d) as well as average heights of h = 8.4 ± 2.3 nm, as indicated in 
Figures 2.2e and 2.2f, are recorded from the cross-sectional profiles of PSI deposition on both C11 
and C9 alkanethiolate SAM/Au surfaces. These dimensions are commensurate with the expected 
size of detergent bound PSI trimeric complexes.41, 45 Additionally, ellipsometry measurements for 
PSI assembly on C11 and C9 alkanethiolate SAM/Au surfaces indicate the average PSI layer 
thicknesses to be ~ 4.2 to 5.1 ± 0.2 nm (i.e., surface coverage of ~ 50 - 65%). These measurements, 
when compared to an average thickness of ~ 8.0 nm for PSI spheroids with ~ 9 nm height and 
optimal hexagonal packing factor ~ 0.9 - 0.91, indicate that the PSI monolayer considered in this 
study do not exhibit maximum packing. Such results are in agreement with our earlier studies on 
PSI deposition from solution phase.45 However, for the purpose of the current study it was not 
critical to attain PSI monolayer with maximum packing density as done in our prior studies via 





Figure 2.2 AFM images showing the surface topographies of: a) C11-thiol SAM/Au and b) C9-
thiol SAM/Au substrates (background) as well as those for the respective: c) PSI/C11-thiol 
SAM/Au and d) PSI/C9-thiol SAM/Au substrates. Representative cross-sectional surface profiles 





2.3.2 Electrochemical measurements to detect PSI activity 
 Figure 2.1 depicts the possible PSI trimer attachments: 1) stromal side (FA/FB/FX with Fe-
S clusters as marked by the orange circle) facing electrode under dark or, light conditions (Figure 
2.1a); 2) lumenal side (P700 reaction center) facing electrode under dark condition (Figure 2.1b) 
and 3) lumenal side facing electrode under illumination (Figure 2.1c). In scenario 1), irrespective 
of dark or, light conditions, there would be only electron exchange between the accessible FA/FB 
redox centers and the Au electrode (electron donor) when biased at the FA/FB mid-point potential, 
but with no soluble electron donor to complete the circuit. In scenario 2), electron transfer cannot 
occur in the dark, even with upward orientation, as no photo-excited electrons are generated by 
PSI, causing it to act as an insulator. Only in scenario 3), where PSI trimers assembled on SAM/Au 
surfaces with upward orientations of FX/FA/FB are illuminated (Figure 2.1.c), the photoexcitation 
of P700  P700* is energetically activated. In turn, the photoexcited reaction center gets oxidized 
(P700*  P700+) to initiate the electron release to the acceptor chlorophylls, A0 in the PSI electron 
transfer chain. The electron deficient and energetically relaxed P700+ scavenges an electron from 
the Au donor to get reduced as P700+  P700 for the next cycle of photoexcitation, provided a 
suitable electron scavenger such as methyl viologen (MV) is present to receive the electron from 
FB. 
 Preliminary cyclic voltammetry (CV) measurements on the SAM/Au (controls) and 
PSI/SAM/Au (specific) electrodes in Na-phosphate buffer electrolyte (without any external 
electron scavenger) indicate capacitive (non-faradaic) current built-up due to the presence of dense 
thiol brushes, in particular for the C11-thiol samples. This background capacitive current masks 
the signal enhancement in photo-current due to the presence of PSI on SAM electrodes. Thus, once 
background is subtracted for the control (SAM/Au electrodes) data, negligible CV peaks for PSI 
redox centers (P700 and Fe-S cluster) were observed. These experiments, in accordance with 
earlier studies,42, 106 indicate that the CV technique does not possess the sensitivity to clearly 
identify the electrochemical activities associated with the PSI redox centers from PSI/SAM/Au 
electrode assemblies. Additionally, chronoamperometry (CA) measurements revealed no 
discernable photoresponse on the PSI/C11-thiol SAM/Au electrodes. Thus, we believe that the 
dense brush layer on C11-thiol/ Au electrode, though ideal for better coverage of PSI monolayer, 
acts as an insulation barrier that retards electron transfer to the activated P700 reaction center. It 
should be mentioned here that accumulation of surface roughness during electrode polishing and 
 
23 
cleaning prevents perfectly dense SAM formation, reducing the insulating effects and exposing 
underlying Au directly to solution. However, because the attachment of PSI is guided by the 
presence of SAM layers, localized insulation occurs. Hence, all electrochemistry measurements 
from hereon are reported only for the PSI/C9-Thiol SAM/Au samples wherein observable 
photocurrent from CA measurements are presented. 
 
2.3.3 Photocurrent measurements mediated by the presence of dissolved O2 
 Chronoamperometry measurements were carried out on PSI/C9-Thiol/Au electrodes in 
light/dark with the addition of MV under both aerobic and anaerobic conditions. We would like to 
mention here that the aerobic conditions refer to the ambient equilibrium level (~5 mg/L) of 
dissolved oxygen (O2) in buffer electrolyte solutions. Figure 2.3a shows that in the presence of 
MV and dissolved O2 (Figure 2.3a, O2 present case in blue) a stable photocurrent of ~ 6 nA/cm
2 
(negative directions as compared to baseline current) is achieved that is comparable to previously 
reported values from CA measurements on PSI/C6-Thiol/Au electrodes42. While a mixed 
orientation of PSI complexes is expected on SAM/Au surfaces, the photoresponse in Figure 2.3a 
demonstrates that the dominant electron transfer pathway involves reduction of photo-excited 
P700*/P700+ by electrons from the Au donor. Current understandings of the electron transfer 
mechanism assume the final oxidation of FB
- (redox potential ~ -0.53 V vs normal hydrogen 
electrode, NHE) at the stromal side of PSI is directly mediated by the electron being scavenged by 
MV2+ (redox potential ~ -0.45 V vs NHE). However, upon removal of all dissolved O2 through 
systematic purging with nitrogen (N2) in the electrolyte solution, this photoresponse shifts to a 
sharp positive spike in current (see Figure 2.3a, O2 removed case in red). Such photocurrent spike 
is indicative of electron transfer into the Au surface via oppositely oriented PSI, that rapidly due 
to the unavailability of suitable charge carriers in solution to donate electrons to P700+. 
 In an effort to understand the exact role of O2 in the electron mediation from PSI 
immobilized on SAM/Au substrates, CA measurements were carried on identical PSI /SAM/Au 
electrodes in buffer electrolyte solution devoid of any MV. As expected, Figure 2.3b shows no 
photoresponse in the absence of oxygen (O2 removed case in red). However, O2 in the solution 
alone is able to scavenge electrons from FB
- to produce a steady negative photocurrent of ~1.5 
nA/cm2 even in the absence of MV as the charge carrier (O2 present case in blue). This confirms, 




Figure 2.3 Chronoamperometry on PSI/C9-thiol SAM/Au electrodes at +0 V bias vs Ag/AgCl 
under illumination (λ = 635 - 650 nm) under both aerobic (O2 present; blue line) and anaerobic (O2 
absent; red line) conditions with: a) 1 mM methyl viologen (MV) added as charge carrier showing 
suppression of photocurrent with O2 removed; b) all charge carrier removed from solution, 







-. However, the interaction between dissolved O2 and MV remains still unclear, 
since there is a 4-fold increase in photocurrent when MV is added under aerobic conditions as 
compared to the corresponding photoresponse under anaerobic conditions. To enhance our 
understanding of the role of O2 in scavenging the photoactivated electrons, we further ask the 
question: If removal of oxygen from the system suppresses the photocurrent response, then does 
increasing the oxygen content enhance it? To this end, fully purged solution was subsequently 
oxygenated in incremental stages by bubbling a 70%N2/30%O2 gas, while recording the 
photoresponse as dissolved O2 content increased. As seen in Figure 2.4, this photocurrent peaks at 
~5 mg/L, which incidentally coincides with the ambient level of dissolved O2 found in freshly 
deionized Millipore water. The subsequent decrease in photocurrent is attributed to oxygen 
reacting with the sulfur group of thiol to strip the SAM and remove PSI from the surface. Thus, 
for given amounts of MV and PSI present, the normal level of oxygen found in our solution is 
sufficient to maximize the photoresponse.  Although our observations confirm the catalytic role of 
dissolved O2 in activating the solution-phase MV to effectively scavenge the electrons, they do not 
provide a fundamental understanding of the mechanism that makes the presence of dissolved O2 
imperative to sustained photocurrentssdf 
 
2.3.4 Electrochemical measurements indicative of an intermediate redox species 
 The commonly accepted mechanism107 of the reduction of solution-phase MV2+ by FB
- 
(MV2+MV+) followed by their regeneration due to oxidation by O2 (MV
+ 
 MV2+) appears 
insufficient to explain the behavior seen in Figure 2.3a. To further elucidate the role of O2, let us 
assume that the aforementioned and commonly accepted electron transfer mechanism holds true. 
In the absence of dissolved O2, one would expect a negative photocurrent spike which would 
quickly decay.  The substantial (1 mM) population of MV2+ in the immediate vicinity of the PSI 
layer should still scavenge electrons initially. However, without O2 to regenerate the MV
2+, 
available scavenger species at the surface would be exhausted and photocurrent intensity would 
diminish. In contrast, the photocurrents observed in Figure 2.3a in the absence of O2, with MV as 
the electron scavenger in solution, shows a sharp positive response that quickly decays in time. 
While such observations provide weak indication of the possibility of MV+ donating to reduce 





Figure 2.4 Net photocurrent change in series of chronoamperometry on PSI/C9-thiol SAM/Au 
electrodes at +0 V bias vs Ag/AgCl under illumination (λ = 635 - 650 nm) with 1 mM methyl 
viologen. O2 concentration heavily regulates the scavenging of electrons from PSI. For the given 
concentration of MV, adding oxygen beyond the ambient amount present in Millipore deionized 






To this end, cyclic voltammetry (CV) measurements on PSI/SAM/Au electrodes in buffer 
electrolytes carrying solution-phase MV, both with and without oxygen, reveal a new 
electrochemical pathway for the electron transfer process. In Figure 2.5, dark CV scans at 200 
mV/s in electrolytes containing MV, but purged of all O2, demonstrate a repeatable, stable trace 
over 20 cycles with the well-established redox peaks (-450 mV vs NHE)109 for MV2+MV+. 
However, the addition of O2 not only brings the expected increase in cathodic current at negative 
potentials due to electrons being scavenged form the electrode surface, but also introduces a new 
irreversible peak indicating the reduction of an unknown solution-phase chemical species at ~ - 
325 mV vs NHE. This peak diminishes with successive cycles, indicating an irreversible electron 
transfer process which results from depletion of the aforementioned species at the electrode 
surface. This peak reappears slowly over time between scans and more quickly if the solution is 
shaken to promote O2 diffusion from the air, which indicates the formation of a metastable methyl 
viologen-oxygen complex [MVO*]. In order to determine if this [MVO*] species was created at 
the electrode surface, CV scans at greatly reduced and increased scan rates were repeated (Figure 
2.6).  
The slowest scan rate of 20 mV/s indicated a stable trace, while the fastest scan rate of 
1000 mV/s greatly amplified the trend of the disappearing peak at ~ -325 mV (vs NHE) with 
successive cycles. Such measurements indicate that this species is generated in the bulk solution 
and reduced at the surface. To further understand this process, we specifically carried out CV scans 
while purging the MV solution with additional pure O2 (Figure 2.7). It is observed here that the 
distinct shoulder features of the individual redox peaks become less distinguishable since the 
excessive dissolved oxygen content provides a significant background reduction current. However, 
it can still be clearly seen that the specific redox peak for this [MVO*] complex significantly 
increases in both magnitude and breadth. Simultaneously, the peak to peak height difference for 
the MV+/MV2+ redox couple reduces by ~50% after the first cycle. This reduction would be 
expected if the increased O2 concentration has shifted the equilibrium concentration in favor of the 
[MVO*] complex, reducing the concentration of MV2+ species present. In successive cycles, the 
MV+/MV2+ redox couple peak stabilizes in magnitude, while the shoulder feature continues to 
diminish as this [MVO*] complex is irreversibly consumed upon reduction. While these results 
clearly indicate the spontaneous formation of the aforementioned complex before any interaction 




Figure 2.5 Cyclic Voltammetry scans at 200 mV/s on PSI/C9-thiol SAM/Au electrodes vs 
Ag/AgCl in dark with 1 mM MV in solution. When purged with nitrogen to remove all oxygen, 
the scans exhibited a stable repeated single redox peak for MV at the expected potential of ~ -0.65 
V. When oxygen is introduced, an irreversible redox peak appears that diminishes in magnitude 









Figure 2.6 Cyclic Voltammetry scans on PSI/C9-thiol SAM/Au electrodes vs Ag/AgCl in dark 
with 1 mM MV in solution in aerobic conditions. Immediately stable trace at 20 mV/s scan and 
greatly diminishing reduction peak at 1000 mV/s scan indicates a methyl viologen-oxygen 






Figure 2.7 Cyclic Voltammetry scans at 200 mV/s on PSI/C9-thiol SAM/Au electrodes vs 
Ag/AgCl in dark with 1 mM MV in solution. When purged with nitrogen to remove all oxygen, 
the scans exhibited a stable repeated single redox peak for MV at the expected potential of ~ -0.65 
V. When pure oxygen is bubbled through the solution, the irreversible redox peak appears grows 




of this complex is the limiting factor that inhibits the electron transport chain of substrate  PSI 
 the final solution-phase scavenger. 
 In an effort to investigate the ability of methyl viologen to scavenge electrons directly in 
the absence of oxygen, we sought to augment the observed photocurrent effects at varying 
electrode bias voltages. However, the thiol SAM/Au formation proves to be unstable when the 
electrodes are exposed to a wider range of bias potentials over long periods of times (as required 
for CA experiments), especially deteriorating rapidly at negative overpotentials. Thus we drop cast 
PSI directly onto glassy carbon electrodes (GCE) to form multilayers that are stable over a much 
larger range of bias potentials and for longer periods of time (Figure 2.8). Applying a negative bias 
potential increases the electron energy at the electrode surface, thereby facilitating the charge 
transfer to P700+. If MV2+ is the primary species scavenging electrons from FB
-, we should see a 
significant increase in the magnitude of the photocurrent with decreasing bias potential on the 
electrodes. However, in the absence of O2 (Figure 2.8), the net photocurrent values at bias 
potentials < 100 mV (vs NHE) are significantly suppressed as compared to the corresponding 
values in the presence of oxygen. Added to this, the characteristic trend for the photoresponse 
curve at -100 mV bias potential in Figure 2.9a indicates the same response as previously observed 
for the 0 V bias potential case. Thus, we observe an immediate and stable negative photoresponse 
in the presence of O2 (Figure 2.9b). However, in the absence of O2, we only see a slower decay 
towards a negative response (Figure 2.9a). To sum it up, even at negative overpotentials, no sharp 
photoresponse indicative of any direct electron scavenging by MV2+ alone was observed. 
 Our explanation for the aforementioned phenomena is that MV2+ first reacts with O2 to 
form a new intermediate complex, [MVO*]. This species then directly scavenges the electron from 
PSI and is subsequently regenerated to MV2+ while producing H2O2, as depicted in Figure 2.10. 
This is in contrast with the previous understanding that MV2+ directly takes up an electron from 
PSI to then react with O2 and form H2O2. Previous work has pointed towards a large number of 




with the possibility of directly photogenerated [MV+˙].111 Due to the ephemeral nature of such 
solution-phase complex formation, it is outside the scope of this work to propose the exact 
molecular structure of the intermediate species, except to say that it is an electron-starved species 
which reacts upon reduction. With the aim of choosing suitable electron scavengers through a 




Figure 2.8 Net photocurrent change in series of continuous chronoamperometry biased steps on 
dropcast PSI/GC electrodes under illumination (λ = 635–650 nm) with 1 mM methyl viologen 






Figure 2.9 Chronoamperometry on dropcast PSI/GC electrodes at -100 mV bias vs Ag/AgCl under 
illumination (λ = 635 - 650 nm) with 1 mM methyl viologen (MV) added as charge carrier under 
a) anaerobic (O2 removed, red line) and b) aerobic (O2 present; blue line) showing suppression of 
photocurrent with O2 removed. Even at negative overpotentials, the distinct characteristic 






Figure 2.10 Proposed series of events with MV reacting with oxygen to form an intermediate, 
which is the species responsible for direct electron scavenging, in contrast to the understanding of 





model of MV2+ scavenging and subsequently donating the electron to O2 with a more accurate 
model as depicted schematically in Figure 2.10. Thus, when using MV as an electron scavenger in 
the presence of oxygen, the emergence of this intermediate species as the primary electron 
scavenger makes it more rational to consider the effective redox potential of the scavenger as -325 
mV vs NHE instead of the previously assumed -450 mV. 
 
2.4 Conclusions 
 Chronoamperometry measurements under light and dark conditions reveal the mechanistic 
picture behind the electrochemical pathway mediated by methyl viologen for the electron transport 
from the stromal FA/FB terminal of PSI (the ones that are directionally oriented) to the counter 
electrode in solution. Specifically, our experiments reveal the critical role of solution-phase 
dissolved O2 concentrations in producing an intermediate complex (MVO*), heretofore not 
accounted for, that facilitates the electron scavenging mechanism in the presence of MV. Thus, the 
rate limiting step in the kinetics of photocurrent generation from PSI/SAM/Au systems is directly 
related to the rate of formation of this complex, as evidenced by the non-linear increase in 
photocurrent density with increasing dissolved O2 concentrations.  
 The proposed model for the electron transfer pathway from our current findings paves the 
way for rational design of PSI wet cells that use combinations of well-known mediators such as 
methyl viologen and ferrocyanide47, or methyl viologen and an osmium base32. In the framework 
of such a model, the redox potential for electron scavenging by the most successful and widely 
used methyl viologen needs to be re-adjusted from -450 mV to -325 mV vs NHE. Such 
observations provide critical insight into the optimization of the energetics of electron transport 
pathways from PSI to a soluble carrier, solid-state electrode, or bound catalysts in future 





CHAPTER 3  
CONFINEMENT AND PHOTOACTIVATION OF PSI 
 IN A METAL–ORGANIC FRAMEWORK  
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This chapter is based on the submitted paper:  
“Jolly green MOF: confinement and photoactivation of photosystem I in a metal–organic 
framework,” by Tyler H. Bennett, Michael D. Vaughn, Seyyed Ali Davari, Kiman Park, Dibyendu 
Mukherjee and Bamin Khomami. 
 
3.1 Introduction 
Photosystem I (PSI) is a chlorophyll-rich transmembrane protein complex responsible for 
driving the light-activated charge separation and electron transport during the photosynthesis cycle 
in plants and bacteria. Specifically, membrane bound PSI exists in trimeric form and weighs 1068 
kDa in the cyanobacterium T. Elongatus.6-7 It acts as a biological photodiode shuttling electrons 
from the lumenal side (P700
+, Em = +490 mV) to the stromal side (FB
-, Em = -530 mV) of PSI with 
nearly 100% quantum efficiency.7 The broad visible spectrum activity and remarkable charge 
separation properties of PSI have recently resulted in a series of intense studies, both to understand 
its fundamental mechanisms and to incorporate it into bio-hybrid photochemical and 
optoelectronic materials. 
Past studies have extensively investigated the photoelectrochemical activities of PSI layers 
attached to conducting surfaces such as gold electrodes,28-32 carbon nanotubes,15, 33-34 metal oxide 
nanowires,35 or plasmonic nanostructures.36-38 However, a significant hurdle in these studies has 
been the weak optical absorption of a single PSI monolayer (only 0.34% of incident light at 680 
nm).53 In order to absorb appreciable light for generating significant photoresponse from PSI, 
multi-layer assemblies have been deposited on a variety of surfaces including p-doped silicon,55 
and graphene.23, 56-57 In an effort to move away from vacuum-assisted drop-casting films which is 
difficult to precisely control and stabilize, one would envision suitable scaffolds for supporting 
PSI in multi-layered thin film structures that can provide stability as well as facilitate efficient 
charge transport. To this end, various research groups have investigated the use of mesoporous 
electrodes,20 hydrogels,50 conductive polymers,58-60 or even combinations of DNA binders and 
complementary enzyme assemblies.61 More recently, the PSI research community has increasingly 
turned its attention towards the design of tailored structural microenvironments when 
incorporating PSI into bio-hybrid materials. Reconstituting PSI into organic or inorganic 
frameworks including lipid bilayers64-65 that mimic the native thylakoid membrane has shed light 
on how microenvironment alterations in the structural scaffold of PSI might affect the coherent or 
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incoherent energy transfer of the chlorophyll network.62  
Here we propose the next step of incorporating PSI into a unique metal organic framework 
to investigate these confinement effects. Metal organic frameworks (MOFs) are rapidly emerging 
as the new class of materials that comprise highly organized crystalline structures made from 
inorganic (metal) nodes connected by organic linkers. Such networked structures are tunable with 
near infinite possible combinations of nodes and linkers. Furthermore, MOF structures are highly 
permeable with pore sizes ranging from 0.3 to 10 nm67 and astonishingly large free volumes (over 
90%)68 and surface areas (over 10,000 m2/gm).69 Currently, there exist over 20,000 MOFs that 
have been characterized,70 and the field is rapidly growing. Thus far, MOFs have been 
systematically implemented for gas storage,71 fluid separations,72 sensing,73 catalysis,74 
luminescence,75 and photovoltaics.76 
Specifically, Zeolitic Imidazolate Framework (ZIF-8) is a MOF structure comprised of zinc 
(metal node) and 2-methylimidazole (organic linker) that offers 11.4 Å cavities gated by 3.4 Å 
apertures.77 With an optical band gap of 5.5 eV (λ = 225 nm)78 this semiconductor framework is 
transparent in the visible region (380 nm to 740 nm)79 which is a key optical property needed for 
suitable PSI encapsulation to ensure its photochemical functionality. Critically, ZIF-8 is set apart 
from the vast majority of other MOFs in that can be synthesized in water at room temperature and 
pH < 11,80 whereas most MOF synthesis requires organic solvents, high pressure and temperature, 
or extreme acidic conditions. ZIF-8 is highly stable in a wide range of solvent conditions (aqueous, 
organic solvents, or high alkalinity),77 and in temperatures over 200˚ C.80 ZIF-8 is not stable in 
acidic environments as nitrogen members of the imidazole ring preferentially form N-H bonds, 
releasing the N-Zn bond. Past studies have demonstrated that ZIF-8 has the capacity to lend these 
harsh environment resistant properties to small proteins embedded inside them, thereby protecting 
them from denaturation under extreme conditions.81-83 Specifically, encapsulated enzymes have 
been shown to retain and, in a small number of cases, even enhance their activities.84-87 This 
enhancement is not yet fully understood, but has been attributed to the physical confinement of an 
active conformation and/or interactions between the active site and the metal nodes of the 
framework. Fundamental understanding on the effects of such MOF encapsulation on the 
functional behaviors of large membrane proteins is still an open question. 
 To this end, ZIF-8 could act as an ideal organic-inorganic scaffolding to protect PSI from 
harsh environments, while enabling fundamental investigations into the role of artificial 
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confinements on the photoactivated properties of PSI. Such studies also contribute to the backbone 
of the ongoing research in our group towards unveiling the effects of microenvironment alterations 
on the photoactivities of PSI in an effort to design bio-hybrid photochemical energy conversion 
devices. Hence, we report ZIF-8 crystal structures grown via heterogeneous nucleation on PSI 
acting as the seeding agent, which allows us to encapsulate the photocatalytic protein within the 
zeolitic structure to create encaged PSI@ZIF-8 composites. Herein, we demonstrate that by doing 
so the PSI is protected from denaturing environments while retaining its photoactivity (redox 
transfers) within the ZIF-8 framework. In the broader context of the recent surge of research 
interests in this area, rational designs of such protective scaffoldings for PSI could provide the 
architectural framework much needed for preserving PSI activities when assembled onto bio-
hybrid devices that can operate under harsh and extreme environments. 
 
3.2 Experimental Section 
3.2.1 Materials 
Zinc acetate dehydrate (ZnAc, >99.0%), 2-methylimidazole (Hmim, 99%), sodium 
dodecyl sulfate (SDS, >99.0%), sodium L-ascorbate (NaAsc, >99.0%), sodium 2,6-
dichloroindophenolate hydrate (DCIP, ACS grade), Triton X-100 (TX100, laboratory grade) were 
purchased from Sigma Aldrich. Monobasic and dibasic sodium phosphate (>99.0%), ethanol 
(EtOH, 100%), methanol (MeOH, >99.8%), methyl viologen hydrate (MV, 98%) were purchased 
from Fisher Scientific and n-dodecyl β-maltoside (DDM, >99%) was purchased from Glycon.  
 
3.2.2 Methods 
Growth of T. Elongatus and Preparation of Photosystem I 
The thermophilic cyanobacterium Thermosynechococcus Elongatus (T. Elongatus) BP-1 
was grown and extracted from thylakoids according to previously described methods.41 The details 
of the extraction and purification of the trimeric PSI complex from the grown T. Elongatus cells 
are provided elsewhere,112 with the following changes: lysozyme was not used, cells were broken 
using a Dyhydromatics microfluidizer reaction chamber, and the 26/700 mm XK ion-exchange 
column was packed with Toyopearl DEAE-650M resin. Based on spectrophotometer measurement 
of chlorophyll concentrations,113 the concentration of the extracted PSI trimers is estimated to be 
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around 54.0 × 10-6 mol L-1. PSI trimers were stored in aliquots of 100 µL at -80°C for future use. 
 
Synthesis of pure ZIF-8  
A 15 mM aqueous solution of ZnAc was prepared by dissolving 0.0659 grams of ZnAc in 
20 mL of deionized water. Separately, 2.463 grams of Hmim was dissolved in 20 mL of deionized 
water to generate a concentration of 1500 mM. The two solutions were then mixed in a 50 mL 
centrifuge tube, vortexed for 15 seconds, and placed in the dark at room temperature for 1 hour. 
The precipitate was collected by centrifugation at 5000-g for 5 minutes, then washed with 
deionized water and centrifuged again 3 additional times. Before the final spin, 5 µL of the 
suspension was deposited on a silica wafer for SEM imaging. The final precipitate was either 
suspended in pH 7.4, 50 mM sodium phosphate buffer or else dried overnight in vacuum for 
powder XRD analysis. 
 
Synthesis of PSI@ZIF-8 
To the previously prepared 15 mM aqueous solution of ZnAc, 4 mg of PSI was added. 
Then, this solution was mixed with the separately prepared 1500 mM aqueous solution of Hmim 
in a 50 mL centrifuge tube, the mixture was vortexed for 15 seconds, and placed in the dark at 
room temperature for 1 hour. This final mixture contained 7.5 mM ZnAc, 750 mM Hmim, and 0.1 
mg/mL PSI. The precipitate was collected by centrifugation at 5000 x g for 5 minutes and either 
washed and dried, or a second cycle was initiated by re-suspending the precipitate in 20 mL of 
1500 mM Hmim solution by vortexing. To this same tube was then added 20 mL of 15 mM ZnAc 
solution, vortexed for 15 seconds, and placed in the dark for 1 hour. In this way, the PSI was 
immersed in fresh ZIF-8 growth solution for a total of 3 times before being finally centrifuged and 
washed in DI water several times to be stored in pH 7.4, 50 mM sodium phosphate buffer. 
 
UV-Vis Characterization 
All spectral absorbance and fluorescence data presented were obtained on a BioTek 
Synergy H1 well plate reader at room temperature. Solutions of PSI were in pH 7.0, 50 mM sodium 
phosphate buffer and 2.2 CMC DDM. Solutions of PSI@ZIF-8 were in pH 7.0, 50 mM sodium 
phosphate buffer, except where noted. Release of PSI from PSI@ZIF-8 composites was achieved 
by adding pH 5.5, 100 mM sodium acetate solution and measuring fluorescence after 10 minutes 
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of incubation. All fluorescence emission measurements were excited by 440 nm light. 
 
Supernatant Analysis 
To measure the successful PSI encapsulation in ZIF-8, an aliquot of the supernatant from 
the centrifuged PSI@ZIF-8 solution was taken and placed in a centrifuge tube and diluted to a 
90% methanol solution. This was vortexed for 30 seconds, then centrifuged at 17000 x g for 3 
minutes. Of this second supernatant, 300 µL was placed in a plate well for UV-Vis 
characterization. A chlorophyll assay was performed by reading absorbance at 664 nm and using 
previously established equations.113 With a known total volume of the supernatant, the total 
amount of chlorophyll recovered was converted to PSI content compared to the total known 
amount of PSI added in the synthesis. Identical analyses were performed for the supernatants of 
PSI@ZIF-8 solutions that had been washed with 2% DDM, TX100, SDS or 75% ethanol. 
 
LIBS Analysis of PSI@ZIF-8 Composition 
Motivated by our recent success with laser-induced breakdown spectroscopy (LIBS) to 
make quantitative characterizations of intermetallic nanoalloys and nanocomposites,114-116 thin 
films,117 and biological samples.118, we have used this technique to estimate the MOF-confined 
PSI contents by using the inherent Mg atomic emission signatures from PSI chlorophyll networks 
and Zn emission lines from the ZIF-8 frameworks.  To the best of our knowledge, no prior works 
have used LIBS for quantitative estimation of protein contents in confined frameworks. In fact, 
many recent studies on MOF-confined proteins either have resorted to thermogravimetric analysis 
(TGA) or x-ray scattering techniques (SAXS) 86, 119 that are neither precise nor as robust as direct 
atomic emission spectroscopy techniques to provide quantitative estimations of protein contents.  
Both the actual PSI@ZIF-8 composites as well as the standard samples of simple PSI/ZIF-
8 mixtures used for calibration were directly deposited onto a substrate for LIBS analyses of the 
Mg signals from PSI in identical ZIF matrices. The LIBS experimental set-up is described in details 
elsewhere.114, 117, 120 Briefly, it uses a Q-switched Nd-YAG laser of nominal wavelength 1064 nm 
operating at 200 mJ/pulse, and a pulse width of 8 ns (Make: Insight Model: 122551-R) to thermally 
ablate the samples to collect atomic emission signatures of the constituent analyte species. To 
improve statistical average for the signal intensity for each analyte of interest, spectral data over 
~40 shots were collected. Mg I (285 nm) and Zn I (334.5 nm) emission lines were chosen from 
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NIST Atomic Energy Levels Data Center121 based on the relative line strengths, and transition 
probabilities. Optimal accuracy and signal detections for the respective emissions were determined 
to be at 5µs gate delay and 20µs gate width. Based on these settings and a quantitative methodology 
reported in our earlier works,114-115, 117-118, 122-124 a calibration curve for the intensity ratios of the 
Mg I (285 nm) to Zn I (334.5 nm) emission lines was constructed for PSI response signals in ZIF-
8 matrix. Based on the calibration curve, the net PSI concentrations in the final PSI@ZIF-8 
structures were calculated. 
 
Scanning Electron Microscopy  
All SEM images were taken with a Zeiss Auriga at 1 keV beam power. 
 
Pump-Probe Spectroscopy 
Formation and decay of P700
+ was measured via pump-probe spectroscopy using a Bio-
Logic JTS-100 system. Samples of PSI (with 2.2 CMC DDM) or PSI@ZIF-8 were suspended in 
a solution of pH 7.4, 50 mM sodium phosphate buffer. If 4 mM NaAsc is added to the samples 
and then left in the dark for 30 minutes, all previously present P700
+ will be reduced. However, if 
in addition to the ascorbate, 0.002 mM DCPIP is added, the P700
+ population is reduced in ~5 
minutes. This facilitates multiple successive measurements on a sample with negligible effects on 
the observed kinetics in the 500 ms time window. Samples were excited with 2000 μE actinic light 
at 630 nm for 30 ms and probed at 810 nm. Subsequently, the measurement was repeated after 
adding 0.8 mM MV to the sample. Then, a final measurement was taken after adding 0.4 mM 
DCPIP to the solution. 
 
3.3 Results and Discussion 
3.3.1 PSI encapsulation in ZIF-8 
The formation of PSI@ZIF-8 particles was achieved through multiple coating cycles, as 
described in the methods section and depicted in Figure 3.1. While multiple other enzymes have 
been embedded in ZIF-8 through a one-pot method in the past, the large transmembrane protein 
(~22 nm diameter x 10 nm height) PSI presents particular challenges. Previous works have 




Figure 3.1 Top and side views of the trimeric photosystem I (left); a schematic of the synthesis 
procedure for PSI@ZIF-8 composites, whereby PSI is combined with zinc (Zn2+) acetate and 2-
methylimidazole (Hmim), incubated to induce nucleation and crystal growth, and then finally 







hemoglobin (64.5 kDa),125 and urease (90 kDa),126 while PSI (1068 kDa) is an order of magnitude 
larger than any protein structure integrated in ZIF-8 thus far. It contains a uniquely coordinated 
chlorophyll network and, as a membrane-bound protein, exhibits contrasting 
hydrophobic/hydrophilic regions that promote non-uniform heterogeneous nucleation of ZIF-8 on 
its surface. Here, one needs to bear in mind that high concentrations of Zn and high Hmim:Zn 
ratios can yield faster nucleation of smaller particles, rapid growth, and high-purity ZIF products. 
However, if self-nucleation is too fast, much of the PSI is not encapsulated in the framework and 
remains only surface-bound. In fact, the hydrophobic surface of ZIF-8 strongly and readily binds 
the protein. Figure 3.2a shows the as-synthesized pure ZIF-8 crystals which rapidly bind over 99% 
of the PSI subsequently added, as measured by a chlorophyll assay of the supernatant. It should be 
mentioned that when washed with gentle surfactants such as DDM or TX100, no measurable 
amounts of PSI were released. However, 96% of the surface-bound PSI was removed upon using 
harsh denaturing detergents such as SDS, while a subsequent ethanol wash removed the remaining 
4%. Figure 3.2b provides the visual support for these phenomena. 
 In addition to excluding PSI from full encapsulation, fast nucleation also creates a dense 
solution of highly concentrated ZIF-8 nanoparticles that scatter light, thereby blocking the light 
and preventing any effective photoactivity measurements. Previous published works with 
embedded enzymes have been unconcerned about light scattering since most enzymes function 
perfectly in the dark, avoiding the need for such optimization.126-127 Hence the choice of low Zn 
concentration, high Hmim:Zn ratio of 100:1, and multiple coating cycles promote PSI surfaces to 
be the primary nucleation sites. The corresponding XRD plots for pure ZIF-8 and PSI@ZIF-8 in 
Figure 3.3a confirm that the PSI@ZIF-8 composites fabricated under these conditions form highly 
crystalline ZIF-8 around PSI. Additionally, as described in our method section earlier, LIBS 
technique was employed to extract the quantitative information on the amount of PSI (by % wt.) 
confined within the ZIF-8 frameworks. Figure 3.3b shows the representative Mg I (285 nm) and 
Zn I (334.5 nm) atomic emission lines collected from the as-prepared PSI@ZIF-8 composites 
immobilized on substrates, and indicating the strong chlorophyll signals (Mg) emanated from the 
PSI@ZIF-8 composites. Based on these Mg and Zn emission lines, the calibration curve generated 
in Figure 3.3c clearly shows the linear correlation (R2 = 0.983) for the normalized emission 
intensity ratios (IMgI/IZnI) as a function of PSI concentrations for the various PSI/ZIF-8 mixtures 




Figure 3.2 (a) SEM image of synthesized pure ZIF-8 crystals (scale bar 1 μm); (b) snapshots of a 
sequence that shows that PSI binds quickly and strongly to the ZIF-8 surface that can only be 
removed by using harsh denaturing surfactants while the remaining chlorophyll is removed using 





Figure 3.3 (a) XRD plot for pure ZIF-8 and the embedded PSI@ZIF-8 indicates high crystallinity and 
corresponding lattice peaks for the composite material; (b) LIBS atomic emission signals as collected 
from the substrate immobilized PSI@ZIF-8 composites for Mg I (285 nm) from the chlorophyll 
networks and Zn I (334.5 nm) from the ZIF-8 frameworks; (c) calibration curve indicating the 
normalized intensity ratios (IMg I/IZn I) as a function of PSI concentrations (% wt) generated from various 





the PSI@ZIF-8 composites, our calculations reveal the PSI content embedded within the ZIF-8 
framework to be 3.4% by weight. It should also be noted that owing to the ZIF framework 
flexibility, we had posited that it would take at least a ~10 nm shell thickness of ZIF-8 around each 
PSI trimer to form a secure barrier against solvent denaturation. Assuming ZIF-8 density77 of 0.95 
g cm-3, the calculated 3.38% by weight of PSI in the final composite corresponds to roughly an 
average of ~13 nm of ZIF-8 shell surrounding each PSI trimer. While this corroborates our 
hypothesis, the nature of the multi-cycle coating means that the actual thickness from the ZIF-8 
surface to the first embedded PSI may be greater. 
Figure 3.4 shows the role of successive cycles of ZIF-8 coating in creating larger crystal 
faces and aggregates of PSI@ZIF-8 particles that provide much more complete and robust 
protection from external harsh solvents. To prove this, Figure 3.4 also demonstrates the 
supernatant color (green) after a series of SDS and ethanol washes for the PSI@ZIF-8 composites 
made with 1, 2 and 3 cycles of coating. The SDS molecules (~15 Å length) are size excluded by 
the much smaller 3.4 Å ZIF-8 pores. Therefore, any PSI which is broken apart and removed by 
SDS (indicated by the green colored supernatant) must have been either surface bound or 
accessible through large mesopores and defects. As seen from Figure 3.4, a single cycle shows PSI 
removed by both SDS and ethanol, while a second cycle shows protection from SDS but not from 
ethanol, which is known to diffuse readily through ZIF-8 pores.128 The green EtOH supernatant 
indicates the presence of mesopores large enough for ethanol to disrupt the protein structure and 
release chlorophyll. Only after three cycles of ZIF coating do we observe that the PSI is 
substantially protected, where less than 1% removed after washing with both SDS and ethanol. 
Successive coating cycles enhance the coverage and framework integrity such that even if 
PSI@ZIF-8 is exposed to otherwise denaturing solvents, the tortuosity of the porous framework 
sterically hinders any disruption of the structure and removal of chlorophyll. Thus, we were able 




Figure 3.4 SEM images of PSI@ZIF-8 coated with 1, 2 and 3 cycles of ZnAc and Hmim treatments 
(scale bar 1 μm). Corresponding samples which have been washed with SDS and then with ethanol are 
pictured on the right of each case; (a) 1 cycle leaves PSI accessible to both SDS and EtOH; (b) 2 cycles 
protect PSI from SDS but not from a smaller organic solvent like EtOH; (c) 3 cycles protect PSI from 
both, where EtOH removes less than 1% of the original PSI content. 
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3.3.2 Optical properties of PSI@ZIF-8 
Typically, PSI has two characteristic absorption peaks at ~440 nm and 680 nm. It is well 
known that the absorption response differences between chlorophylls contained within PSI and 
free chlorophylls result from both the presence of a small number of carotenoids and the unique 
conformational coordination of the chlorophyll network in PSI. The roles of steric confinement 
and local chemical environments in tailoring the conformational changes in the chlorophyll 
network are of great interest for fundamentally understanding photosynthetic mechanisms. Our 
group has previously found shifts in both absorbance and fluorescence peaks when PSI is confined 
within fully organic lipid bilayer environments.129 To investigate such effects, Figure 3.5 shows 
the absorption spectra for pure PSI (green), pure ZIF-8 (gray), and the PSI@ZIF-8 hybrid material 
(blue). Due to the significant scattering of the ZIF nanoparticle suspensions, manual subtraction 
of a ZIF-8 background was performed to reveal the underlying contribution of the embedded PSI 
in the PSI@ZIF-8 composites (red). The red absorption peak slightly blue shifted from 680 nm to 
676 nm, which is comparable to the shift found previously. The most likely explanation for this 
shift is exposure to the alkaline conditions (pH ~11) during ZIF-8 synthesis. A similar shift is 
observed from PSI in a solution of 1 M Hmim after 2 hours. No such blue shift is observed in the 
blue region, where the 440 nm peak remained unchanged.  
The fluorescence emission data reveals an even more pronounced shift and variations in 
the peak wavelengths as seen from Figure 3.6a. When excited at 440 nm, PSI trimers fluoresce at 
720 nm. When embedded, PSI@ZIF-8 fluoresces with a much higher intensity at a significantly 
blue shifted peak of 676 nm. Interestingly, this is also in agreement with previously reported 
confinement effects in PSI-proteoliposomes.129 However, what creates the confusion in attributing 
this distinctive shift to the confinement effects is that this emission profile appears uncannily 
similar to that of uncoupled chlorophyll (i.e., when PSI is denatured by 2% SDS as seen in Figure 
3.6b or by 75% ethanol as seen in Figure 3.S3 in the Appendix). In our effort to confirm if the 
synthesis procedure might have damaged the chlorophyll network, PSI@ZIF-8 composites are 
incubated for 10 minutes in pH 5.5 sodium acetate buffer solution (described in methods section 
for UV-Vis characterizations). This has been demonstrated previously to release encapsulated 
targets in ZIF-8 by dissolving the MOF frameworks that readily break down under acidic 
conditions.81, 130 Here, we clearly observe that the fluorescence profile after the acid treatment 




Figure 3.5 Absorbance data for free PSI (green), pure ZIF-8 (gray), and PSI embedded in ZIF-
8, i.e. PSI@ZIF-8 (blue) in solution. A manual subtraction of the scattering background reveals a blue 






Figure 3.6 Room temperature fluorescence emission (excitation 440 nm) of variously treated PSI 
samples. (a) Free PSI (green) with a peak at 720 nm; when confined in ZIF-8 this shifts to 676 nm 
(blue); exposing to acidic conditions releases the PSI, whereupon the fluorescence profile returns 
(orange). Comparatively, (b) PSI denatured by using SDS has the characteristic emission at 680 nm of 




preserves the protein and the chlorophyll network structure until released by the breakdown of the 
MOF structures around them. One needs to bear in mind that SDS does not only pull PSI apart 
into monomers, but it denatures the constituent subunits, thereby decoupling the chlorophylls. 
Similarly, exposing this denatured PSI to acidic conditions only further accelerates the breakdown 
process (as also clearly seen from Figure 3.6b).  
In order to verify that PSI trimers are not significantly damaged or altered by the very 
presence of ZIF-8 structures, ZnAc, Hmim, acidic solutions, we carried out systematic control 
experiments whose results can be found in the supplementary information (Figures 3.S4 and 3.S5 
in the Appendix). These stringent controls clearly indicate that: 1) the ZIF-8 framework alone has 
no fluorescence emission in this region, and 2) ZnAc, imidazole, or acidic solution ranging from 
pH 5.5 to 6.5 separately has minimal to no effects on the regular PSI fluorescence emission profile. 
Specifically, the PSI in acidic buffer solutions in Figure 3.S5 (Appendix) show decreasing 
fluorescence signal with decreasing pH level as Mg2+ ions are dechelated from the chloropyll 
molecules, but the characteristic peak location is unchanged. This further corroborates our 
observations that even when the ZIF-8 structure breaks down in pH 5.5 solution to release the 
encapsulated PSI, the trimeric complexes by themselves remain unaffected as reflected by the 
return of the emission profile to the original PSI signature in Figure 3.6a. 
Consequently, we can confidently conclude that the emission peak and intensity shift is a 
distinct outcome of the microenvironment alterations due to the PSI confinement within the ZIF 
framework. At this stage, we hypothesize that such variations in the emission profile are possibly 
due to a combination of conformational changes in chlorophyll network from the steric hindrance 
that tunes the vibrational modes as well as the electronic or vibronic coherences due to interactions 
between the framework environment and the chlorophyll network. It needs to be pointed out that 
it has recently been shown that a single chromophore embedded in a variety of different metal 
organic frameworks yielded unique fluorescence changes (both red and blue shifts) depending on 
the topology and chemistry of the framework.131 Similarly, green fluorescent protein (GFP) has 
been investigated by utilizing its fluorophore HBI as both an occupant in a MOF132 and as a 
structural component of one.133 Such studies point toward the complex interplay of the local 
chemical environment, electronic coordination, and steric hindrance affecting light absorption and 
emission behavior. In an effort to gain a fundamental understanding of these coherent/incoherent 
interactions, our current ongoing efforts are systematically directed towards divulging and 
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separating the intricate roles of microenvironment structure and chemical composition in driving 
such energetic interactions/coupling which we believe is crucial for understanding, utilizing, and 
developing artificial photosynthetic systems which aim to coordinate multiple chromophores.  
 
3.3.3 Photoactivity of PSI@ZIF-8 
While encapsulation and protection of PSI in the ZIF-8 structures are confirmed from the 
earlier sections, the critical questions that remain unanswered at this stage are: 1) Is the charge 
separation pathway still active within the PSI in the PSI@ZIF-8 composites? And 2) are both the 
terminal electron acceptor FB
- and the primary electron donor P700 accessible to suitable mediators 
for electron transfer? To this end, in this section we present pump-probe spectroscopy performed 
with excitation at 630 nm (pump) and measurements at 810 nm (probe) that effectively measures 
the creation and decay of the P700
+ population. Because the samples were exposed to light and 
oxygen (which can scavenge electrons from FB
- directly)29 during synthesis and handling, they 
were incubated in the dark with ascorbate to eliminate any P700
+ already present; the ascorbate 
donor exhibits slow kinetics and reduces P700
+ on a timescale orders of magnitude slower than PSI 
charge recombination.  
The first measurement in Figure 3.7a (purple line) exhibits only the decay of P700
+ 
population due to charge recombination from FB
- to P700
+. Exponential decay fits (green overlay) 
reveals a characteristic decay time, τ = 89 ms, which is in good agreement with previously reported 
recombination rates that can vary from 30 ms to 100 ms.134-135 When methyl viologen (MV) is 
added (orange line, red fit), a long-lived P700
+ population is observed because MV scavenges the 
electron from FB
- and prevents recombination, thereby maintaining a constant population of P700
+. 
Finally, when additional DCPIP is added (blue line, gray fit), this electron donor efficiently reduces 
P700
+ faster than FB
- reduces MV. The entirety of all calculated decay times can be found in the 
supporting information Table 3.S1 (in Appendix); it should be noted that because the donation of 
electrons from DCPIP to PSI is a second order reaction dependent on both concentrations and 
clearly taking place in a diffusion-controlled regime, the calculated decay time is essentially 
arbitrary. That is, the match between the decay times with Asc alone and with Asc, MV, and 
DCPIP is rather a coincidence, where shifting the concentration of DCPIP up or down also shifts 
the observable decay time. The 2 to 3-fold increase in amplitude of the decay rate is indicative of 




Figure 3.7 Pump (630 nm)–probe (810 nm) data for solubilized PSI indicate that: (a) charge 
recombination from FB
− to P700
+ is seen in the presence of ascorbate (purple) due to the slow kinetics of 
this donor. Addition of methyl viologen (orange) scavenges electrons and maintains the 
P700
+ population. The subsequent addition of DCPIP as a donor reduces P700
+ at relevant timescales; (b) 
if the chlorophyll network is disrupted by denaturing agents such as SDS detergents or ethanol, no 
P700







intrinsic charge separation as well as charge transfer at both the lumenal and stromal sides of free 
PSI in solution. As expected, if PSI is exposed to SDS or ethanol (Figure 3.7b), the chlorophyll 
network is completely disrupted, thereby removing the possibility of P700
+ generation at any point. 
Figure 3.8a shows the same sequence of pump-probe measurements for the PSI@ZIF-8 
composites. It can be clearly observed that the decay trends (recombination τ = 95 ms) for the 
composites are comparable to the respective cases observed for free PSI in solution. This 
demonstrated that not only is the characteristic charge separation maintained, but also both 
mediators can access the FB
- and P700
+ terminals for charge transport to and from PSI. The latter 
observation is noteworthy because MV and DCPIP are larger than the 3.4 Å ZIF-8 pore sizes. Both 
MV and DCPIP are linear molecules with relevant widths comparable to that of benzene, which 
has a kinetic diameter of 5.85 Å.136 Despite this larger size, benzene and even trimethylbenzene 
are seen to diffuse through ZIF-8,137 testifying to the flexible nature of the gating apertures.138 
While large enough molecules can be shown to be truly size excluded,139 the exact cut-off is still 
unknown due to this framework flexibility. Because total electron transport through PSI is 
diffusion limited, there is still significant need for studies into the underlying mass transport 
properties of these larger molecules before we can understand how this confinement affects the 
electron transport kinetics of PSI. 
Furthermore, Figure 3.8b and 3.8c also show the respective pump-probe signal decay 
profiles for the P700
+ population for the PSI@ZIF-8 composites exposed to SDS and ethanol 
(EtOH) respectively. Thus, PSI@ZIF-8 maintains the familiar activity after exposure to SDS 
(Figure 3.8b), which is plausibly limited to only accessing the PSI on the ZIF surfaces or, through 
large mesopores. More excitingly, what we observe is that even exposure to a smaller molecule 
with a high uptake and large diffusion coefficient like ethanol137 (Figure 3.8c) does not inhibit this 
charge transport process. Because of the large size of PSI compared to other enzymes and its 
precisely positioned chlorophyll network that is not covalently bonded, we anticipated that it might 
be vulnerable to ethanol that readily disrupts the protein structure to dislocate the chlorophyll 
network of free PSI and is known to rapidly diffuse through the ZIF-8 framework. However, our 
results clearly indicate that even after exposure to such organic solvents, the photoactivity of the 
PSI@ZIF-8 composite is preserved, indicating the tight steric hindrance that locks the 





Figure 3.8 Pump (630 nm)–probe (810 nm) data for PSI@ZIF-8 composites demonstrate that: (a) even 
when fully encased by the ZIF-8 framework, MV and DCPIP are able to diffuse through to reach the 
stromal and lumenal sides of PSI, (b) this activity is maintained after exposure to the denaturant SDS, 
which is excluded by the small pore size, and (c) even after exposure to ethanol, which is known to 
denature PSI and can get transported readily through the framework pores, PSI and its chlorophyll 







We have demonstrated the first-ever successful encapsulation of the supramolecular 
photosynthetic protein, PSI (~1000 kDa size) in a metal organic framework, ZIF-8. We find that 
the large, membrane-native PSI initiates nucleation of ZIF-8 on its surface, while subsequent 
coatings of ZIF-8 reactants fill in the ZIF mesopores to complete the coverage of the protective 
framework. Our results indicate that the as-fabricated PSI@ZIF-8 composites exhibit significant 
blue shift and intensity enhancements in their fluorescence emissions, when compared to that for 
native PSI, owing to their confinements inside the hybrid crystalline frameworks of ZIF-8. We 
have also successfully shown that this encapsulation preserves the PSI structure while protecting 
it from harsh denaturing conditions.  To this end, we have demonstrated through systematic visual 
inspections as well as detailed pump-probe experiments that harsh detergents such as SDS are 
prevented from accessing the embedded PSI through the small ZIF-8 pores, while organic solvents 
such as ethanol is able to access the framework interiors but, unable to disrupt the chlorophyll 
network due to steric hindrance.  
Finally, our solution-phase pump-probe experiments have established that the unique light-
activated charge separation facilitated by PSI’s chlorophyll networks and electron transport 
pathways remain unaffected in the PSI@ZIF-8 composites, thereby indicating that the mediators 
MV and DCPIP are able to diffuse through the framework to scavenge and donate electrons from 
and to PSI. Further investigations are required and are currently underway in our group to quantify 
the macro-scale diffusion kinetics of these mediators and understand the complex charge transport 
processes within these hybrid frameworks. In summary, our first successful encapsulation of 
transmembrane photoactive proteins within MOF scaffolds lays the fundamental groundworks for 
robust design of organic-inorganic interfaces in bio-hybrid photoactive materials that can be 





CHAPTER 4  
AUGMENTED PHOTOCURRENTS FROM PHOTOSYSTEM I 
EMBEDDED IN ZINC AND IMIDAZOLE BASED TCNQ CHARGE 




Photosynthesis harnesses the bountiful solar energy and converts it to usable forms for 
sustaining all the life on this planet. Photosystem I (PSI) is one of the primary biomolecular 
machines responsible for driving this solar conversion. It is a chlorophyll-rich transmembrane 
protein complex, which drives the light-activated charge separation and subsequent electron 
transport of photosynthesis in plants and bacteria. In the cyanobacterium 
Thermosynechococcus Elongatus, membrane bound PSI exists in trimeric form and weighs 1068 
kDa.6-7 This biological photodiode shuttles electrons from the lumenal side (P700
+, Em = +490 mV) 
to the stromal side (FB
-, Em = -530 mV) of PSI with nearly 100% quantum efficiency.
7 The 
remarkable photoactivated charge separation properties of PSI, being active over the broad visible 
spectrum of light, have resulted in a long history of intense scientific studies, both to understand 
its fundamental biophysics and to integrate it into bio-hybrid photochemical and optoelectronic 
devices. 
The photoelectrochemical activities of PSI have previously been studied through 
investigations of PSI monolayers immobilized on  various conducting substrates: gold 
electrodes,28-32 carbon nanotubes,15, 33-34 metal oxide nanowires,35 or plasmonic nanostructures.36-
38 Despite the fundamental insights gained from such works, a significant barrier for large 
photocurrent generation has been the weak optical absorption of a single PSI monolayer (only 
0.34% of incident light at 680 nm).53 To this end, one can surmise that an appreciable generation 
of photoresponse from PSI might require much higher effective light absorption cross-sections.  
To mitigate the aforementioned problems, multi-layer assembly techniques have been 
increasingly pursued by various research groups that involved adding them to suitable beneficial 
substrates such as p-doped silicon,55 and graphene,23, 56-57 or creating thin film structures to 
stabilize as well as enhance PSI charge transport. Such implemented constructs have included 
mesoporous electrodes,20 hydrogels,50 conductive polymers,58-60 polymer micro-particles,140 and 
DNA binders with complementary enzymes.61 In recent years, a specifically intriguing approach 
towards such efforts has been to confine PSI encapsulated in synthetic lipid membrane bilayers62, 
64-65 that mimic the native PSI thylakoid membrane. To this end, our recent works have shown 
considerable alterations in the photochemical and optical responses along with significant 
photocurrent enhancements due to the lipid bilayer mediated PSI microenvironment alterations.65, 
141-142 Thus, whether by introducing more favorable redox steps, greater functional surface area, or 
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more complete conduction pathways, such efforts have  continuously pushed the frontiers of 
biohybrid photovoltaics or photochemical energy conversion routes.  
In this chapter we propose a new approach which may increase the options for all three of 
those fronts, through the formation of a TCNQ-based charge transfer salt. TCNQ, or 7,7,8,8-
tetracyanoquinodimethane, is well known as an extremely strong organic electron acceptor, with 
an electron affinity of 2.88 eV,88 and its anion TCNQ- is known to rapidly form stable charge 
transfer salts with almost any cation, whether metallic89 or organic90-91 in nature. In addition, it has 
two favorable redox peaks (-185 and +445 mV vs NHE)92 for interacting with both the stromal (-
530 mV) and lumenal (+490 mV) sides of PSI. The coordination of TCNQ with transition metal 
cations or organic ligands can form a large number of various morphologies, including 
coordination polymers,91 metal-organic frameworks (MOFs),93 and crystalline salts.94 These 
complexes are almost all insoluble in both polar and nonpolar solvents,95 thereby lending them the 
much-desired stability in a variety of environments and applications. Towards this end, they have 
found applications in the catalysis of electron transfer reactions,96 as well as electrical, optical, and 
molecular switching, field emission devices. Specifically, certain organic complexes have high 
enough electronic conductivities to be considered fully organic metals, such as the well-known 
TTF-TCNQ salt.97  
Herein, inspired by our successful encapsulation of PSI in ZIF-8 (PSI@ZIF-8)98 we report 
the use of PSI@ZIF-8 composites as starting scaffolding materials to drive the constituent cations 
(namely, Zn2+ or the imidazole ion, H2mim
+) from ZIF-8 towards subsequent formation of charge 
transfer complexes with TCNQ. While it has recently been demonstrated that a copper-based MOF 
can undergo ligand substitution to form CuTCNQ,99 our work enables a transformation in an 
aqueous environment amenable to a host of biological materials rather than organic solvent. We 
demonstrate that the bound PSI remains embedded in the newly coordinated and conductive 
polymer network, which, in turn, allow significant augmentation in the photocurrent generation. 
We also show that the aforementioned cations can be reversibly exchanged in aqueous solution 
via electrochemical treatments to change both the composition and morphology of the TCNQ-
based complex, which offers a myriad of future opportunities for successful integration of this 







Zinc acetate dehydrate (ZnAc, >99.0%), 2-methylimidazole (Hmim, 99%), acetic acid 
(HAc, 99.7%) were purchased from Sigma Aldrich. Monobasic and dibasic sodium phosphate 
(>99.0%), methyl viologen hydrate (MV, 98%), lithium iodide (LiI, 99%), 7,7,8,8-
tetracyanoquinodimethane (TCNQ, 98%), acetonitrile (ACS grade) were purchased from Fisher 
Scientific and n-dodecyl β-maltoside (DDM, >99%) was purchased from Glycon. ITO coated glass 
slides (25mm x 50mm, TIX002) were purchased from TechInstro.  
 
4.2.2 Methods 
Growth of T. Elongatus and Preparation of Photosystem I 
The thermophilic cyanobacterium T. Elongatus BP-1 was grown and extracted from 
thylakoids according to previously described methods.41 The details of the extraction and 
purification of the trimeric PSI complex from the grown T. Elongatus cells are provided 
elsewhere.112 Similar protocols were used here except for the following changes, namely: 
lysozyme was not used, cells were broken using a Dyhydromatics microfluidizer reaction chamber, 
and the 26/700 mm XK ion-exchange column was packed with Toyopearl DEAE-650M resin. 
Based on spectrophotometer measurements of chlorophyll concentrations,113 the concentration of 
the extracted PSI trimers was estimated to be around 54.0 × 10-6 mol L-1. PSI trimers were stored 
in aliquots of 100 µL at -80°C for future use. 
 
Synthesis of LiTCNQ 
The organic-inorganic salt complex LiTCNQ was prepared using a previously established 
procedure143 with slight alterations. A solution of 1000 mL acetonitrile was brought to 80°C under 
continuous stirring on a hot plate. 100 mL of this was taken out and added to a beaker with 20 
grams of LiI. In the remaining 900 mL of the original solution, 10.2 grams of TCNQ was added. 
Once both solids were completely dissolved, the 100 mL containing 20 grams LiI was added back 
to the 900 mL containing 10.2 grams TCNQ (the final concentrations were thus 50 mM of TCNQ, 
150 mM of LiI), covered, and left stirring at 80°C for 12 hours. The purple precipitate was collected 
by repeated centrifugation at 5000x g and washed with fresh acetonitrile until the supernatant 
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turned from a bright green to a pale green. The solid was then dried in vacuum and stored in a 
sealed glass vial.  
 
Synthesis of PSI@ZIF-8 
A 50 mM aqueous solution of zinc acetate was prepared by dissolving 0.439 grams of ZnAc 
in 40 mL of deionized water. Separately, a 2000 mM solution of 2-methylimidazole was prepared 
by dissolving 6.568 grams of Hmim in 40 mL of deionized water. In a 2 mL microcentrifuge tube, 
76.7 µL DI water, 60 µL ZnAc solution, 13.3 µL PSI stock solution, and 150 µL Hmim solution 
were combined. The final volume was approximately 300 µL with final concentrations being 2.5 
µM PSI, 10 mM ZnAc, 1000 mM Hmim. This solution was vortexed for 15 seconds and placed in 
dark at room temperature for 1 hour. The precipitate was collected by centrifugation at 3000 x g 
for 5 minutes, then washed and centrifuged in DI water for 3 times. 
 
Conversion of PSI@ZIF-8 into PSI-Zn-H2mim-TCNQ 
A 15 mM aqueous solution of LiTCNQ was prepared by dissolving 0.0317 grams of 
LiTCNQ in 10 mL of deionized water, which had been purged with nitrogen gas. A 15 mM 
aqueous solution of acetic acid was prepared by dissolving 34.35 µL of pure HAc to 40 mL of DI 
water. After the final centrifugation step of the previously prepared PSI@ZIF-8, 850 µL of 
LiTCNQ solution was added and vortexed for 1 minute until thoroughly mixed. To this suspension 
was then added 500 µL of the 15 mM HAc solution which was followed  immediately with 
vortexing for 1 minute. This solution contained approximately 7.5 × 10-4 µmol PSI, 3 µmol ZIF-
8, 7.5 µmol HAc, and 12.75 µmol LiTCNQ. After 5 minutes, the precipitate was collected by 
centrifugation at 3000x g for 5 minutes, then washed and centrifuged in DI water for 3 times. After 
the final wash, the precipitate was suspended in 1 mL of DI water, and 100 µL was pipetted onto 
an ITO slide then dried in vacuum for subsequent testing. 
 
Electrochemical Analysis and Treatments 
All electrochemical measurements and reactions were conducted using a potentiostat from Bio-
Logic (Model: SP-300) operated using the EC-Lab software. Working electrode ITO slides were 
secured in a custom acrylic electrochemical cell (working area 1.267 cm2) with three-electrode 
configuration that carried a Pt wire counter electrode, the SCE reference electrode (BAS Inc.; Model: 
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EF-1352 with a reference shift of +248 mV vs. SHE). Cyclic voltammetry was performed using a scan 
rate of 50 mV/s in a window from -350 mV to +300 mV in 100 mM ZnAc solution. All 
chronoamperometry measurements were performed in DI water with 4 mM MV as electron scavenger 
and 100 mM ZnAc as background electrolyte, at open circuit potential, which varied based on sample 
composition but was approximately -30 mV vs SCE. Electrodes were illuminated by a red LED 
(Thorlabs, model M660L4) with light intensity 300 W/m2 in 30 second intervals. 
 
LIBS Analysis of PSI@ZIF-8 Composition 
Laser-induced breakdown spectroscopy (LIBS) was used to provide a qualitative 
estimation of the compositions of the various organic/inorganic complexes, PSI and the final 
charge transfer salts from the standard atomic emission lines of C, inherent Mg signatures from 
PSI chlorophyll networks, and Zn from the ZIF-8 frameworks. The LIBS experimental set-up and 
procedure have been described in details elsewhere for PSI@ZIF-8 as well as for diverse biological 
and nanomaterial compositions.98, 114, 116-117, 120, 122, 144  
 
Scanning Electron Microscopy  
All SEM images were taken with a Zeiss Auriga at 1 keV beam power. 
 
Raman Spectroscopy 
All Raman measurements were obtained using a LabRam spectrograph from JY-Horiba, 
with a 532 nm excitation wavelength. 
 
4.3 Results and Discussion 
4.3.1 Formation of PSI-Zn-H2mim-TCNQ films 
 Following on the heels of our previous work embedding PSI in the metal organic 
framework of ZIF-8,98 initially we had attempted to produce photocurrents from direct dropcast 
films of PSI@ZIF-8 that resulted unfortunately in negligible responses. The intrinsic insulation of 
the ZIF-8 material and diffusion-limiting nanopores render it an unsuitable material for long range 
charge transfer. But, our very failed attempts at generating of significant current led us to the 
concept of using the ZIF-8 as a sacrificial scaffold to create more conductive matrices in which 
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the PSI could systematically remain embedded. As described in the experimental section, 
PSI@ZIF-8 was incubated with an excess of LiTCNQ, the only water-soluble TCNQ salt, and then 
acetic acid (HAc) to break down the ZIF-8 into Zn2+ and H2mim
+ cations (schematically shown in 
Figure 4.1). The order of these steps is critical, as the TCNQ complexation happens almost 
instantaneously and the PSI will be excluded from the new matrix if HAc is added first to dissolve 
ZIF-8 without TCNQ being already present. For this same reason, any attempts at reacting aqueous 
solutions of Zn2+ and LiTCNQ or H2mim
+ and LiTCNQ with PSI both resulted in precipitates that 
bound negligible amounts of PSI. Only when starting with PSI@ZIF-8 does over 90% of the PSI 
remain in the precipitate of the newly formed material because the breakdown of the first matrix 
is immediately followed by the formation of the new one. Because this material is expected to be 
a mixture of the two charge transfer salts Zn2+(TCNQ-)2(H2O)2
145 and what we can reasonably 
reason from known chemistry to be H2mim
+TCNQ-,146-148 the inclusion of both is at first assumed 
whereby this resultant blend is referred to from hereon as PSI-Zn-H2mim-TCNQ. The subsequent 
dropcast films from the PSI-Zn-H2mim-TCNQ complex salt are found to be ~ 2.5 microns in 
thickness, as measured by SEM cross sections in Figure 4.2. 
 
4.3.2 Composition of PSI-Zn-H2mim-TCNQ films 
The Raman spectroscopy in Figure 4.3 (all peaks are scaled for comparison) indicates the 
complete transformation of our starting material. The absence of the unique peaks of ZIF-8 at 110, 
175, and 680 cm-1 from the PSI-Zn-H2mim-TCNQ spectrum indicate the absence of any unreacted 
ZIF-8. In contrast, the PSI peaks at 1160 and 1530 cm-1 both remain, which indicate that the protein 
chains of PSI have remained intact. Because of the similarities between the spectra for 
Zn2+(TCNQ-)2(H2O)2 and H2mim
+TCNQ-, it is not possible from this data alone to conclude 
whether one or both complexes are present. However, the discernible peaks of 1200 and 1600 cm-
1 from of these as seen from the PSI-Zn-H2mim-TCNQ spectrum, confirm that we have 
successfully formed charge transfer complexes rather than breaking down the potentially fragile 








Figure 4.1 Schematic of (a) the breakdown of ZIF-8 by acetic acid to release Zn2+ and H2mim
+ 













Figure 4.3 Raman spectroscopy prepared materials, indicating the breakdown of ZIF-8, the 





While we would expect the ZIF-8 precursor to form stoichiometric amounts of Zn2+(TCNQ-
)2(H2O)2 and H2mim
+TCNQ-, the presence of both can best be confirmed by LIBS analysis (Figure 
4.4). The carbon (C I emission line at 247.86 nm) from 2-methylimidazole and TCNQ, the 
magnesium (Mg I emission line at 285.21 nm) chelated in the porphyrin rings of chlorophyll 
coordinated in PSI, and finally, the zinc (Zn I emission line at 334.50 nm), provides us with 3 
strong atomic signature lines that can be systematically evaluated to draw robust qualitative 
analysis for the complexes formed. Specifically, we can look at the ratios of these background 
subtracted signals (C : Mg : Zn) in each sample.  
Although all four samples contain C, only pure PSI and PSI-Zn-H2mim-TCNQ can contain 
Mg. This is worth noting since the potential exposure of PSI to significant acetic acid during 
synthesis could have denatured it. The simplest path for that would be the acidic conditions 
dechelating the Mg ions from the chlorophyll, thereby denaturing the PSI and deactivating its 
absorption and charge transfer properties. However, the high Mg signal indicates that very little, 
if any chlorophyll was dechelated, and the ZIF-8 effectively neutralized all the present acid. 
Similarly, the presence of both significant Zn signals and highly elevated C signals demonstrate 
that both the charge transfer complexes (Zn2+(TCNQ-)2(H2O)2 and H2mim
+TCNQ-) contribute to 
the blended material. The ratios of the elemental signals in Table 4.1 affirm the presence of all 3 
of the listed materials in the PSI-Zn-H2mim-TCNQ complex. 
 
4.3.3 Photocurrent measurements and electrochemical treatments 
As previously mentioned, the PSI@ZIF-8 had yielded exceptionally low photocurrents. 
Even increasing the PSI contents from the previous 3.4% by weight to over 50% only resulted in 
photocurrent measurements of less than 0.1 µA/cm2 (Figure 4.5, red line). But, after converting 
the PSI@ZIF-8 to PSI-Zn-H2mim-TCNQ and dropcasting onto an ITO slide, we noticed that the 
photocurrent exhibits a 15-fold increase in magnitude up to 1.5 µA/cm2 (blue line). When ZIF-8 
is converted without any embedded PSI, the resulting charge transfer salts have similarly small 
photocurrent (black line), demonstrating that indeed the photoactivated electron transfer pathways 







Figure 4.4 Elemental emissions from laser-induced breakdown spectroscopy. Presence of Mg and 





Table 4.1 The ratio of elemental emission intensities of prepared samples, relative to their carbon 
emission lines 
Sample material LIBS signal ratio (normalized to carbon) 
 C Mg Zn 
PSI 1 2.64 0 
H2mim
+TCNQ- 1 0 0 
Zn2+(TCNQ-)2(H2O)2 1 0 5.42 






Figure 4.5 Photocurrent production of prepared samples, in the presence of 4 mM methyl viologen 
as electron scavenger and 100 mM ZnAc, illuminated by 300 W/m2 red light in 30 second intervals. 





Remarkably, in a series of electrochemical experiments, we observed that if the PSI-Zn-H2mim-
TCNQ complex is briefly electrochemically cycled in a 100 mM ZnAc solution, the photocurrent 
increases by another order of magnitude all the way up to 15 µA/cm2 (green line). Curiosity led us 
to perform continued cycling, although it did not provide any further increase in the photocurrent. 
In fact, repeated cycling eventually decreased the photocurrent magnitude. Motivated by these 
highly promising results, here we proceed to put forward our envisioned mechanisms for these 
unique observations. To this end, we resort to the cyclic voltammetry data shown in Figure 4.6 for 
the first 10 cycles of a PSI-Zn-H2mim-TCNQ film sample immersed in 100 mM zinc acetate 
solution and scanned at 50 mV/s. 
One needs to bear in mind that when PSI@ZIF-8 is formed, ZIF-8 nucleates on the surface 
exposed amino acid residues of PSI. The protocol used in this paper embeds 15 times more PSI 
than before, which leads to enhanced nucleation events and hence, discrete nano-sized ZIF-8 
particles. These are then protonated and reacted with LiTCNQ to form Zn2+(TCNQ-)2(H2O)2 and 
H2mim
+TCNQ-. Due to the immediacy of the complexation after breakdown, it is conceivable that 
these polymeric charge transfer salts also form discrete particles, rather than a homogenous 
continuous film. As indicated in Figure 5, scanning in the positive direction oxidizes TCNQ- to 
TCNQ0, which then breaks down the charge complex and releases the cations. Subsequent 
scanning in the negative direction reduces TCNQ0 to TCNQ- and the cations are bound again.149 
Herein, we posit that these cationic transfers promote electrochemical annealing of the PSI-Zn-
H2mim-TCNQ film that promote the formation of more homogeneous conductive pathways and 
establish better electrical connectivity between the PSI, the ITO surface and the soluble electron 
scavenger. This process is also substituting the H2mim
+ cations for the Zn2+ cations in the PSI-Zn-
H2mim-TCNQ film during each scan since any expelled cations diffuse into the bulk solution, 
while the 100 mM ZnAc out-populates and thus out-competes the return of the H2mim
+ ions. 
Figure 4.7 shows the stark difference in both color and texture of the two charge transfer 
salts, (a) H2mim
+TCNQ- which dries into an airy material that easily dislodges and (b) 
Zn2+(TCNQ-)2(H2O)2 which dries as a dense-packed film. The bright color change from (c) to (d) 
reveals the growth of Zn2+(TCNQ-)2(H2O)2 during electrochemical cycling. The same 4 samples 





Figure 4.6 Cyclic voltammetry of a PSI-Zn-H2mim-TCNQ film in 100 mM zinc acetate, scanned 






Figure 4.7 Photographs of dropcast films on ITO of (a) H2mim
+TCNQ-, (b) Zn2+(TCNQ-)2(H2O)2, 







Figure 4.8 SEM images of dropcast films on ITO of (a) H2mim
+TCNQ-, (b) Zn2+(TCNQ-)2(H2O)2, 
and PSI-Zn-H2mim-TCNQ both (c) before and (d) after electrochemically cycling in 100 mM 





The reasons for such drastic differences in texture are revealed by SEM images, showing 
that the imidazole-based complex builds long flexible chains (Figure 4.8a), while the zinc-based 
complex builds shorter, thicker stacks with perhaps some level of crystallinity, as seen from Figure 
4.8b. On the contrary, the highly polymeric nature of PSI-Zn-H2mim-TCNQ is revealed in Figure 
4.8c, but with a loss of clarity seen in the image due to the large presence of PSI trimers embedded 
throughout. As this sample is cycled in a zinc solution, the surface begins to grow blocky structures 
(Figure 4.8d) which are most likely due to the Zn2+(TCNQ-)2(H2O)2 formations. Furthermore, 
continued cycling reveals the enhanced growth of such larger structures. This might very well shed 
light on why the successive cycles eventually lower the photocurrent productions. Although 
Zn2+(TCNQ-)2(H2O)2 may be more conductive than H2mim
+TCNQ-, it is beyond the scope of the 
study to probe how these morphological changes (independent from chemical composition) affect 
the conductivity.150-152 Beyond that, the photocurrent output is not merely a function of the 
conductivity, but also of the extent of interface between the matrix and PSI. As larger structures 
dominate the film, the surface area available for such contact decreases. It is also possible that 
during the cation expulsion step, PSI is irreversibly lost from the film, or that TCNQ is then 
reacting with dissolved oxygen in the solution. Further investigations are definitely required to 
answer such detailed mechanistic questions. While such cycling beyond certain parameters may 
inhibit photocurrent in this particular architecture, we have demonstrated, for the first time, the 
solid-solid conversion of one TCNQ salt to another via cation-exchange in an aqueous 
environment. In turn, this opens the doors to explore many other TCNQ-based charge transfer 
salts, as well as provides a superior method to interface biological materials to conductive 
interfacial matrices without using any organic solvents during the fabrication. 
 
4.4 Conclusions 
 In this work, we have demonstrated a heretofore not reported  methodology for the 
conversion of a metal-organic framework (ZIF-8) to a TCNQ-based charge transfer salt in an 
entirely aqueous environment, while simultaneously retaining the full functionality of the 
embedded supramolecular photosynthetic protein complex PSI without denaturing it. The 
subsequent PSI-Zn-H2mim-TCNQ charge transfer salt complex formed was shown to contain both 
the Zn2+(TCNQ-)2(H2O) and H2mim
+TCNQ- complexes, thereby benefiting from both the 
constituents to form dense and stable films with high surface area and electrical connectivity. We 
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have also shown that through systematic electrochemical cycling, the Zn2+ and H2mim
+ cations 
from the ZIF-8 framework can be reversibly exchanged to alter the composition of the solid 
TCNQ-based film. Furthermore, through limited (~10) cycling, the film was electrochemically 
annealed to increase both electrical connectivity and electron conductivity that enabled the 
embedded PSI in the as-fabricated charge transfer salt film to generate significant photocurrents 
(~15 µA/cm2). The photocurrent generations reported here indicate a ~150 and ~750 fold increase 
respectively  from our previous works reporting photocurrent enhancements due to plasmonic 
interactions with PSI, and due to PSI confinements in lipid bilayer membranes.38, 141 Such work 
paves the path for future investigations into  the ways to control the morphology and chemistry of  
TCNQ-based charge transfer salt complexes during the aforementioned PSI reconstitution process 
that can, in turn, allow the design of PSI thin films  with greater conductivity and/or, charge transfer 
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 This dissertation focuses on implementing PSI from Thermosynechococcus Elongatus into 
bio-hybrid devices and investigating the fundamental interactions of the redox transfer mechanism, 
the stabilizing and optical effects of unique confinements, and the augmented photocurrent 
generation of PSI embedded in a conductive polymer formed in situ through substitutionary 
reactions. 
 In Chapter 1, we discussed the nature of the photosynthetic process and introduced a 
fundamental understanding of the biological electron pump Photosystem I. Further insight was 
given into the unique and robust photoelectrochemical properties of PSI which have made it such 
highly studied structure. A brief history of PSI biohybrid devices was laid out, emphasizing the 
need to understand the specific redox transfer steps, to stabilize and coordinate long range 
structures of PSI, and to properly interface PSI with suitably conductive pathways. 
 In Chapter 2, chronoamperometry measurements under light and dark conditions reveal 
the mechanistic picture behind the electrochemical pathway mediated by methyl viologen (MV) 
for the electron transport from the stromal FA/FB terminal of PSI (the ones that are directionally 
oriented) to the counter electrode in solution. Specifically, our experiments reveal the critical role 
of solution-phase dissolved O2 concentrations in producing an intermediate complex (MVO*), 
heretofore not accounted for, that facilitates the electron scavenging mechanism in the presence of 
MV. Thus, the rate limiting step in the kinetics of photocurrent generation from PSI/SAM/Au 
systems is directly related to the rate of formation of this complex, as evidenced by the non-linear 
increase in photocurrent density with increasing dissolved O2 concentrations.  
 The proposed model for the electron transfer pathway from our current findings put in 
review the redox species of electron scavenging by the most successful and widely used acceptor, 
MV, thereby adjusting its known -450 mV peak to the true PSI-interactive species at -325 mV vs 
NHE. As the puzzle remains unsolved for which properties yield the most ideal electron mediator, 
these observations contribute additional insight into the optimization of the energetics of electron 
transport pathways from PSI to a soluble carrier, solid-state electrode, or bound catalysts in future 
photoactivated bio-hybrid energy harvesting constructs. 
In Chapter 3, we demonstrated the first-ever successful encapsulation of the 
supramolecular photosynthetic protein, PSI, in a metal organic framework, ZIF-8. We find that the 
large, membrane-native PSI initiates nucleation of ZIF-8 on its surface, while subsequent coatings 
of ZIF-8 reactants fill in the ZIF mesopores to complete the coverage of the protective framework. 
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Our results indicate that the as-fabricated PSI@ZIF-8 composites exhibit significant blue shift and 
intensity enhancements in their fluorescence emissions, when compared to that for native PSI, 
owing to their confinements inside the hybrid crystalline frameworks of ZIF-8. We have also 
successfully shown that this encapsulation preserves the PSI structure while protecting it from 
harsh denaturing conditions.  To this end, we have demonstrated through systematic visual 
inspections as well as detailed pump-probe experiments that harsh detergents such as SDS are 
prevented from accessing the embedded PSI through the small ZIF-8 pores, while organic solvents 
such as ethanol is able to access the framework interiors but, unable to disrupt the chlorophyll 
network due to steric hindrance.  
Finally, our solution-phase pump-probe experiments have established that the unique light-
activated charge separation facilitated by PSI’s chlorophyll networks and electron transport 
pathways remain unaffected in the PSI@ZIF-8 composites, thereby indicating that the mediators 
such as MV and DCPIP are able to diffuse through the framework to scavenge and donate electrons 
from and to PSI. Upon completion of this work, further investigations underway in our group to 
quantify the macro-scale diffusion kinetics of these mediators and understand the complex charge 
transport processes within these hybrid frameworks. In summary, our first successful 
encapsulation of transmembrane photoactive proteins within MOF scaffolds laid the fundamental 
groundworks for robust design of organic-inorganic interfaces in bio-hybrid photoactive materials 
that can be functional under otherwise incompatible conditions for future photochemical solar fuel 
conversions. 
 In Chapter 4, continuing the efforts to enhance the photocurrent generation from our 
PSI@ZIF-8 constructs fabricated in Chapter 3, this thesis demonstrates the conversion of the 
previously synthesized PSI@ZIF-8 to a TCNQ-based charge transfer salt, while simultaneously 
retaining the full capture and functionality of the embedded PSI protein complex. The subsequent 
PSI-Zn-H2mim-TCNQ charge transfer salt complex formed was shown to contain both the 
Zn2+(TCNQ-)2(H2O) and H2mim
+TCNQ- complexes, thereby benefiting from both the constituents 
to form dense and stable films with high surface area and electrical connectivity. We have also 
shown that through systematic electrochemical cycling, the Zn2+ and H2mim
+ cations from the 
ZIF-8 framework can be reversibly exchanged to alter the composition of the solid TCNQ-based 
film. This electrochemical annealing significantly enhanced photocurrents (from 1.5 to 15 
µA/cm2). Such work paves the path for future investigations into  the ways to control the 
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morphology and chemistry of  TCNQ-based charge transfer salt complexes during the 
aforementioned PSI reconstitution process that can, in turn, allow the design of PSI thin films  with 
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Figure 3.S1. Room temperature fluorescence emission (excitation 440 nm) of PSI in water and PSI 




Figure 3.S2. Room temperature fluorescence emission (excitation 440 nm) of various PSI and ZIF-
8 samples. ZIF-8 alone (black) has no emission, and PSI bound to ZIF-8 surface (blue) has no shift 
in emission. PSI in either zinc acetate (orange) or 2-methylimidazole (purple) alone show minor 








Figure 3.S3. Room temperature fluorescence emission (excitation 440 nm) of PSI in increasingly 
acidic conditions. The presence of acid does not shift the emission peak, but decreases intensity as 




























 Tyler Hamilton Bennett was born in Richmond, VA in 1989 to Martin Bennett and Sharon 
Madere. In 2011, he received his Bachelor of Science degree in Chemical Engineering from the 
University of South Carolina. Later, he attended the University of Tennessee, Department of 
Chemical and Biomolecular Engineering to join Prof. Bamin Khomami’s research group in 2012 
to pursue his doctoral degree. His doctoral research has mainly focused on investigations of 
Photosystem I towards the ultimate end of deepening fundamental understanding of chemical and 
electrochemical processes and exploring creative avenues towards biohybrid photovoltaic devices.  
 
 
